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1. Introduction

1.1 Soma to germline communication challenges the ‘Weismann Barrier’

With the present awareness that our diet, lifestyle choices, physiological and
psychological state have an impact on our health, the question whether our choices and
experiences affect our children and if so, what those molecular mechanisms are,
remains unclear. Since the first theories of inheritance by scientists such as Charles
Darwin (Darwin, 1859), not our life experiences but simply natural selection by our
environment have been considered the impacting factor on our children. In accordance
with the hypothesis of the ‘Weismann barrier (Weismann, 1893), no heritable
information can be passed on from somatic cells to the germ cells, meaning that the
phenotypic fate of our descendants comes from the luck of the Mendelian genetic draw
given to us by our ancestors. With accumulating research on human pathologies and
their risk factors, the once discarded Lamarckian theory of the inheritance of acquired
characteristics, suggesting that experiences during our lifetime have an effect on our
descendants, needs to be investigated more closely. These changes to the next
generation due to parental exposure are defined as ‘intergenerational effects’ (or
‘transgenerational effects’, if they pass onto multiple generations). Currently, societies’
focus is mostly on the mother’s impact on the developmental health of her child, by for
example her age, lifestyle choices and physical and mental health at conception, in utero
or lactation periods, whilst paternal contribution is mainly disregarded. However, there is
a growing body of evidence that a father's experiences, choices and health can lead to

changes in the phenotypic outcomes of his offspring (Crean and Bonduriansky, 2014).

1.2 Paternal physiological and psychological conditions lead to phenotypic changes in
the next generations

1.2.1 Evidence of paternal effects from human cohort studies

In humans, multiple studies have shown that (grand-) paternal nutrition at various time

points in life have an effect on their descendants (Dimofski et al., 2021). From datasets

gathered from the historical events such as ‘Dutch Winter in 1944, the Swedish village

Overkalix and other cohort studies, variable food intake in utero or pre-puberty can lead

to increased risk of obesity, diabetes, cardiovascular disorders and cancer with an
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overall decreased lifespan in the next generations (Kaati et al., 2002, Pembrey et al.,
2006, Vagero et al.,, 2018, Veenendaal et al., 2013). Other paternal factors such as
diabetes, smoking, age, stress and trauma have been shown to increase the risk of
obesity, metabolic and neuropsychiatric disorders in the next generation (Dashorst et al.,
2019, Denomme et al., 2020, Gao et al., 2021, Golding et al., 2022, Kanmiki et al., 2022,
Kawai et al., 2018, Kong et al., 2021, Merrill et al., 2021, Polga et al., 2022). While of
significant importance, within human studies factors such as time point of paternal
exposures, genetic diversity, environmental changes, nurture and grooming cannot
always be controlled for. With animal models, paternal intergenerational effects and their
mechanisms can be studied in more standardised conditions, controlling for most

external and internal variables.

1.2.2 Evidence of paternal effects from mammalian models

Rodent models replicate many of the findings from human data in paternal dietary
intervention studies (Dimofski et al., 2021). For example, the offspring of male rodents
exposed to a Western diet, containing a high sugar and high fat content, show many
phenotypic changes ranging from increased body weight, altered gut microbiome and
behavioural changes (Bodden et al., 2022), as well as changes in glucose and insulin
response in rats (César et al., 2022) and increased rates of obesity and risk of metabolic
diseases in mice (Grandjean et al., 2015, Raad et al., 2021). A paternal high fat diet
(HFD) leads to various intergenerational effects depending on the study and diet
regimes, ranging from increased susceptibility to cancer (da Cruz et al., 2019), impaired
choline metabolism and decreased sperm counts in their grandsons (Cris6stomo et al.,
2022). Similar experiments describe a susceptibility to developing obesity and diabetes
(Huypens et al., 2016) with an impaired insulin secretion, insulin resistance and glucose
tolerance in the offspring of HFD exposed mice (Fullston et al., 2015, Ng et al., 2010). In
contrast, one study found no changes to body weight of the F1 from paternal HFD in
mice, but a cognitive impairment instead (Zhou et al., 2018). Changes to paternal protein
intake also cause metabolic changes in the next generation, including positive changes
to the gut microbiome, reduced fat mass and improved insulin sensitivity compared to
HFD under paternal high protein diet and changes to cholesterol and lipid metabolism

under low protein diet (Carone et al., 2010, Chleilat et al., 2021). Additionally, offspring
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from male mice given a high methyl diet show decreased cognitive function in
hippocampus-dependent learning and memory (Ryan et al., 2018).

Other non-dietary factors also show intergenerational effects. For example, old age of
male mice leads to a reduced lifespan in their offspring (Xie et al., 2018), while paternal
exercise has been shown to have protective effects on their offspring if exposed to HFD
(de Sousa Neto et al., 2020, Salomédo et al., 2021). Experiencing environmental
extremes such as cold can increase the formation of brown fat and neurogenesis
leading to improved metabolic health in the next generation (Sun et al., 2018).
Psychological stressors such as fear and trauma on the fathers cause altered
metabolism and behaviours in their offspring. These behaviours range from altered
exploration, stress response and sensitivity to paternally exposed odours (Dias and
Ressler, 2013, Dietz et al., 2011, Gapp et al., 2014, Morgan and Bale, 2011, Rodgers et
al., 2013, Zheng et al., 2021), stemming for instance from altered functional connectivity
and signalling in the offspring’s brain (Bohacek et al., 2015, Bohacek and Mansuy, 2015,
Razoux et al., 2017).

1.2.3 Evidence of paternal effects from Drosophila melanogaster

Rodents, such as mice or rats, are not the only model organism used in
intergenerational studies. Invertebrate species such as Drosophila melanogaster are a
useful model system because of the fly’s shortness of lifespan (~60 days for males and
~80 days for females), short reproductive cycle (10 days from egg to full fly adult) and
most importantly ~75 % of genes related to human diseases have orthologues in the fly
(Eickelberg et al., 2022). For this reason, Drosophila melanogaster is commonly used in
the research fields of developmental biology, genetics and medicine, for example in the
study of metabolic diseases (reviewed by Chatterjee and Perrimon, 2021, Eickelberg et
al., 2022, Galikova and Klepsatel, 2018, Gray et al., 2021, Musselman and Kuhnlein,
2018). Under dietary extremes such as HFD or high sugar diets (HSD), flies experience
diverse impacts on their health outcome similar to humans, for example their body
weight, fat mass (assessed primarily with the triglyceride (TAG) content), lifespan and
reproductive capacity (Eickelberg et al., 2022, Musselman et al., 2011).

In the last decade, paternal intergenerational studies carried out in Drosophila

melanogaster have reflected the phenotypic patterns seen in humans and rodent models
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(Camilleri-Carter et al., 2019). Paternal HFD, consisting commonly of different coconut
oil concentrations, has been shown to increase body weight, TAG content and lead to
cardiomyopathy in the next generation (Dew-Budd et al., 2016, Guida et al., 2019). As
sugar is a more natural food source than fat in the diet of a fly, more studies have been
carried out investigating paternal HSD with varying sugar amounts and exposure time
points. Ost et al. (2014) demonstrated that the paternal intake of a diet containing 30 %
sucrose, leads to an increase in TAG content, body weight, lipid droplet sizes and food
intake in male offspring if exposed to an obesogenic diet, with no changes to their
glucose or trehalose amounts (Ost et al., 2014). Other studies using other dietary
regimes and high sugar concentrations have shown decreased amounts of TAG or only
increased amounts in male offspring in one generation (Emborski and Mikheyev, 2019,
Teltumbade et al., 2020). Similar to mice, high protein intake in Drosophila melanogaster
fathers leads to advantages in the next generation with altered genes involved in the
immune response, metabolism and reproduction (Zajitschek et al., 2017). Other non-
dietary factors, such as stress and environment have also been shown to alter the

offspring’s metabolism and behaviours (Dasgupta et al., 2019, Seong et al., 2020).

It is important to note here that the study of paternal effects is highly complex, not only
due to the diversity and range of exposures in multiple animal models, but also as
similarly examined paternal exposures do not result in exactly the same changes in the
offspring (Emborski and Mikheyev, 2019, Teltumbade et al., 2020) or the phenotypic
outcomes are sex-specific in the next generation (Dew-Budd et al., 2016, Emborski and
Mikheyev, 2019, Gong et al., 2021, Huypens et al., 2016, Ng et al., 2010, Pembrey et
al., 2006, Vagero et al., 2018). Furthermore, factors such as at what time point in a
father’s life and for how long exposures take place need to be considered (Fennell et al.,
2020, Schellong et al., 2020).

1.2.4 Potential mechanisms causing paternal intergenerational effects

While the phenotypic changes, their duration and effect size on the next generation vary
from study to study, many papers have identified a range of mechanisms, including
epigenetic changes to the sperm that contribute to the intergenerational effects
(Champroux et al., 2018, Fitz-James and Cavalli, 2022, Ghai and Kader, 2022). These

epigenetic changes consist of DNA methylation changes, histone modifications,
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chromatin remodelling or varying non-coding RNA species, depending on the focus of
the study, and correlate with the phenotypic outcomes of F1 (Champroux et al., 2018,
Fitz-James and Cavalli, 2022, Ghai and Kader, 2022). This is of interest as sperm is
transcriptionally inactive, with highly compacted chromatin and with most DNA
methylation erased during meiotic division (Teves and Roldan, 2022). Notably, the
sperm non-coding RNA content has been shown to dynamically change throughout a
father's experience. A study by Natt et al. (2019) demonstrated that just 1 week of high
sugar diet in humans changes the sperm RNA profile by upregulating tRNA-derived
small RNAs (tsRNAs). Many studies have shown that in fact just the non-coding RNA
(for example miRNA and tsRNA) of sperm from male mice exposed to either chronic
stress or a HFD are sufficient to induce the metabolic and behavioural changes in the
next generation (Chen et al., 2016, Gapp et al., 2014, Grandjean et al., 2015, Rodgers
et al.,, 2015, Zhang et al.,, 2018). The mechanism how paternal physiological or
environmental conditions overcome the ‘Weismann barrier’ (Weismann, 1893) and how
these sperm epigenetic changes occur remains to be elucidated. One recognised
hypothesis is that sperm gains information of the paternal condition from extracellular
vesicles (EVs) secreted by somatic cells (Conine and Rando, 2022, Eaton et al., 2015,
Smythies et al., 2014).

1.3 Extracellular vesicles as intercellular communicators in health and disease

EVs are small membrane bound particles that are secreted from nearly every cell and
found in all biological fluids, such as blood, cerebral spinal fluid, urine, breastmilk and
seminal fluid (Kalluri and LeBleu, 2020, Kalra et al., 2016, Maas et al., 2017). They are
currently classified into three main categories, based on their size and biogenesis
pathways: exosomes, microvesicles and apoptotic bodies. Exosomes are the smallest
group with a diameter of 30 - 150 nm and are generated through the formation of
intracellular multivesicular bodies (MVB) containing intraluminal vesicles (ILVs), which
are later released by exocytosis. Microvesicles are 150 - 500 nm in diameter and are
released directly through ectocytosis (budding off the plasma membrane), while
apoptotic bodies are the largest category (500 — 5000 nm in diameter) and are released

when the cell undergoes apoptosis (Colombo et al., 2013, Colombo et al., 2014).
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Currently, the literature describes many different biogenesis and secretion pathways for
EVs involving a complex and diverse array of proteins, such as Ras-related GTPase
(e.g. RAB11) and endosomal sorting complexes required for transport (ESCRT) proteins
such as HRS; tetraspanins (e.g. CD63, CD9), as well as other lipids and molecules that
are cell type and organism dependent (Blanc and Vidal, 2018, Colombo et al., 2013,
Colombo et al., 2014, Kalluri and LeBleu, 2020, Kalra et al., 2016). EVs carry various
cargos including DNA, proteins and various RNA species. Many mechanisms of how this
cargo is loaded into EVs have been described in the literature (Chen et al., 2021,
Villarroya-Beltri et al., 2014), with some reporting that cargo such as some RNAs can be
loaded specifically into EVs under various mechanisms such as the binding and later
loading of miRNA carrying a specific sequence known as the EXOmotif into exosomes
by ribonucleoprotein A2B1 (hnRNPA2B1) (Garcia-Martin et al., 2022, Janas et al., 2015,
Ragusa et al., 2017, Villarroya-Beltri et al., 2013). Based on current consensus in the
research field, EVs function as messengers between cells, even at long distances, as
these small vesicles once secreted by one cell can be picked up by another and cause
physiological changes in the accepting cell (Alvarez-Erviti et al., 2011, Maas et al., 2017,
Meldolesi, 2018, Raposo and Stahl, 2019). These changes depend on what the EV
cargo is or what components the EVs are made of (Kalluri and LeBleu, 2020, Valadi et
al., 2007). Therefore, EVs have been shown to play a role in physiological beneficial
processes like wound healing/regeneration (Lin et al., 2022, Ma et al., 2022, Sahoo and
Losordo, 2014). Due to their ability to be released by one cell and be picked up by
another, their roles in pathologies such as cancer (Becker et al., 2016), obesity (Brandao
et al.,, 2022) and neurodegeneration (Busatto et al., 2021, Kalluri and LeBleu, 2020,
Meldolesi, 2021, Rastogi et al., 2021) have been becoming increasingly evident. This
has made using EVs as a diagnostic marker for diseases like stroke (Qi et al., 2021) and
cancer (Beylerli et al., 2022) become a topic of interest for researchers. EVs biogenesis,
secretion and function are studied in nearly all model systems using a variety of
methods, including rodent models, cell culture models and even invertebrates such as
Drosophila melanogaster (Beckett et al., 2013, Beer and Wehman, 2017, Fan et al.,
2020, Gross et al., 2012, van Niel and Théry, 2020). With the multitude of bodily fluids,
cell types and model organisms currently used in the study of EVs, heterogeneity and

complexity are prevalent in this field of research. Attempts to standardise the field, at
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least in terms of isolation and analytical methods, are being made by guidelines set from
the International Society of Extracellular Vesicles (Théry et al., 2018). These include the
minimum characterisation steps required to identify and describe EVs from a given
biological cells source, such as characterisation of the EV size and protein composition
(Théry et al., 2018).

1.4 Extracellular vesicles released from somatic cells of the male reproductive tract are
essential for sperm maturation

When discussing the mechanisms of how epigenetic changes are transmitted to sperm,
EVs are good candidates due to their evident function as a messenger between cells (as
discussed above). The previously mentioned ‘Weismann barrier’ is only a theoretical
barrier (Cornwall, 2009, Eaton et al., 2015) as no structure separates germ cells from
the surrounding somatic cells throughout their production, maturation and transit. These
somatic cells of the reproductive tract are hypothesised to release EVs with specific
cargo (i.e. small non-coding RNA species) that fuse with sperm causing phenotypic
changes to the offspring.

Within the male reproductive tract, spermatogenesis takes place in the testis. In
mammals, immature sperm then travels through a tissue known as the epididymis for 2 -
4 days in humans and 10 - 14 days in mice to reach the vas deference (Cornwall, 2009).
The epididymis is segmented into different regions: caput (head), corpus (body) and
cauda (tail). During its travel through the epididymis, sperm maturation takes place with
sperm gaining its full functionality and motility, with both its protein and RNA composition
changing along the way (Cornwall, 2009).

EVs secreted from different tissues within the reproductive tract have been found in
seminal and epididymal fluid (reviewed by Simon et al., 2018, Sullivan and Saez, 2013).
They are differentiated by their source cell, with EVs secreted from the prostate (named
prostatasomes) found mostly in the seminal fluid and EVs secreted from the epithelium
of the epididymis (named epididymosomes) identified in the epididymal fluid (Simon et
al., 2018, Sullivan and Saez, 2013). Epididymosomes are very heterogeneous in their
protein components and contain known EV proteins, such as CD9 and Flotillin-1
(FLOT1) (Frenette et al.,, 2006, Paul et al., 2021, Sullivan, 2015). The different

epididymal regions produce different small RNAs profiles packaged in EVs (Belleannée
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et al., 2013, Nixon et al., 2019) that can also fuse and deliver their RNA cargo to other
downstream epididymal segments (Belleannée et al., 2013).

Both human and animal studies have investigated the role of EVs from somatic cells in
regard to post-testicular sperm maturation (Machtinger et al., 2016). In vitro and ex vivo
co-incubation studies have shown that epididymosomes can firstly fuse with sperm (Al-
Dossary et al., 2015, Zhou et al., 2019) and secondly can transmit various proteins that
are essential for sperm functionality in cattle and mice, such as ADAM7 and SPAM1,
(Frenette et al., 2006, Griffiths et al., 2008, Martin-DeLeon, 2015, Nixon et al., 2019, Oh
et al., 2009, Park et al., 2011, Schwarz et al., 2013, Suryawanshi et al., 2012) and small
non-coding RNA species (Reilly et al., 2016, Sharma et al., 2018). During its epididymal
transit, the small RNA profile of sperm changes and correlates with that of the different
segments of the mouse epididymal tissue (Nixon et al., 2019, Nixon et al., 2015, Sharma
et al., 2016, Twenter et al.,, 2020). Furthermore, EVs released by the epididymal
epithelium have been shown to carry a cargo of small RNA species (e.g. tRNA
fragments) that match the RNA species gained by sperm (Nixon et al., 2019, Reilly et
al., 2016, Sharma et al., 2016, Trigg et al., 2021). Foot et al. (2021) demonstrated in an
in vivo study using Arrdc4 "~ mice, that if EVs are not released by the epididymis, sperm
maturation does not take place. Other evidence of sperm and EVs interacting is shown
in the in vivo study by Sharma et al. (2018), where a traceable RNA was expressed in
the cauda epididymis and later found in the sperm.

While mammalian models dominate the literature, EVs within the reproductive tract have
also been studied in Drosophila melanogaster. Spermatogenesis takes place in the
testes similar to mammals. While a structure equivalent to the epididymis does not exist,
the male fly has an organ named the accessory gland (AG), which is similar to the male
prostate in that it produces most of the seminal fluid and seminal fluid proteins (SFPs)
essential for sperm health (Beer and Wehman, 2017). At the tip of the AG,
approximately 40 cells named secondary cells (SCs) produce a specific set of SFPs,
including some required for sperm-binding and female post mating behaviour (Gligorov
et al., 2013, Minami et al., 2012, Sitnik et al., 2016). Corrigan et al. (2014) labelled EVs
by expressing CD63-GFP in SCs and showed that BMP-signalling drives EV secretion in
SCs. These EVs are released into the AG lumen and, upon mating, are transported to

the female reproductive tract, where they interact with sperm (Corrigan et al., 2014).
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Notably, the inhibition of known EV biogenesis pathways using RNAi (e.g. Hrs-RNAI)
leads to a decreased secretion of EVs labelled with CD63-GFP into the AG lumen
(Corrigan et al., 2014). Additionally, this depletion of EVs from SCs causes no changes
to their fecundity, but an increased remating behaviour in their female partners (Corrigan
et al., 2014). The suppression of the BMP pathway and hence, the inhibited release of
products (including EVs) from SCs have been shown to disrupt sperm storage in
females and change the seminal fluid proteome composition (Hopkins et al., 2019).

The fact that EVs from somatic cells are essential for sperm maturation is evident from
the growing amount of published research, but what roles EVs play on the offspring
phenotypic outcome still remains to be elucidated. While paternal exposures such as
stress lead to changes in the content of EVs secreted by the epididymis in mice
(Alshanbayeva et al., 2021), there is currently only one study that has investigated EVs
from somatic cells as the mediators of phenotypic changes in the offspring (Chan et al.,
2020). Chan et al. (2020) collected EVs from mouse distal caput epididymal epithelial
(DC2) cells after treatment with corticosterone. These EVs were incubated with caput
epididymal sperm, which produced offspring with altered neurodevelopment and adult
stress reactivity (Chan et al., 2020).

It is important to emphasise that the data cited above is mostly from in vitro and only a
few in vivo experiments, meaning that concluding EVs as a mediator of intergenerational
effects is currently not possible. To address the question, whether EVs released from
somatic cell sources within the male reproductive tract lead to changes in the phenotypic

outcome of the next generation, in vivo studies need to be carried out.
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1.5 Study purpose

The purpose of this thesis is to establish an in vivo model system with an inhibited
secretion of EVs from somatic cells within the male reproductive tract. With this model,
we aim to investigate the involvement of EVs in the phenotypic outcome of the next
generation. Our approach is to generate a model in mice and in Drosophila
melanogaster, by inhibiting the EV biogenesis in epithelial cells of the epididymis and
SCs of the AG, respectively. These models will be exposed to paternal interventions and
transcriptomics and phenotypic analyses will be carried out on their offspring. With this

investigation, we will address the following questions:

1. Does the inhibited secretion of EVs from a somatic cell source of the reproductive
tract lead to changes in the offspring’s phenotypic outcome?
2. After paternal dietary exposure, are paternal intergenerational effects mediated

by somatic cell-derived EVs?
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2. Materials and Methods

2.1 Analysing candidate mouse models with decreased EVs within epididymal fluid
2.1.1 Mouse lines

All mice were housed on a 12 h light/dark cycle with ad libitum food and water access
under pathogen-free conditions. The local and federal animal welfare regulations were
followed. To identify a mammalian in vivo model with decreased number of EVs within
the epididymal fluid, three transgenic mouse lines with mutations in genes involved in
the biogenesis or secretion pathway of EVs were evaluated. The following candidates
were analysed in this thesis: ‘Cdh16-cre/Rab35-flox’, ‘Rab27’ and ‘Sytl4’ (Tab. 1). For
the Cdh16-cre/Rab35-flox line, Rab35 fl/+;Cdh16-cre-/+ mice (named hereafter ‘Rab35-
het’) have a conditional knockout of Rab35 in the kidney and in the epididymis. The
control mice for this genotype were Rab35 fl/+;Cdh16-cre-/- litter mates (referred to as
‘Rab35-control’). For the Rab27 line, Rab27a ash/ash;Rab27b-/- have a global double
knockout of Rab27a and Rab27b (named hereafter ‘Rab27DKQO’). Age matched
C57BL/6J wildtype mice (referenced as ‘WT’) acted as their control. Within the Sytl4 line,
Sylt4dko/wt mice exhibit a global heterozygous knockdown of Sytl4. Sylt4wt/wt litter

mates were used as their control.

Tab. 1: Genotype, strain, sex and age of the lines analysed as candidate models of mice
with decreased amount of EVs within the epididymal fluid.

Line Genotype Strain [Smezhﬁgi :‘aer;\it;d n

Cdh16-cre/ Rab35 fl/+; C57BL/6J (25%), .

Rab35-flox | Cdh16-cre -/+ | C57BL/6N (75%) Male; 3 | Rab3s-het

Cdh16-cre/ Rab35 fl/+; C57BL/6J (25%), .

Rab35-flox | Cdh16-cre -/- C57BL/6N (75%) Male; 3 | Rab3s-control
Rab27a ash/ash; )

Rab27 Rab27b -/- C57BL/6J Male; 4 Rab27DKO

wt C57BL/6J C57BL/6J Male; 4 WT

Sytl4 Syltdko/wt C57BL/6Ncrl Male; 3 Sylt4 ko/wt

Sytl4 Sylt4wt/wt C57BL/6Ncrl Male; 3 Sylt4 wt/wt
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2.1.2 Isolation of EVs from mouse epididymal fluid using ultracentrifugation

Mice were sacrificed using an overdose of isoflurane and blood was drained from the
abdominal inferior vena cava using a needle. The right and left epididymis were
dissected and placed separately into Eppendorf tubes filled with 1 ml sterile filtered PBS.
After cutting the tissue 5 times, the tubes were placed at 37 °C for 45 min under gentle
shaking on a thermomixer to allow the epididymal fluid containing sperm and EVs to flow
out into the PBS. This PBS and epididymal fluid mixture was transferred to a new tube
whilst the remaining epididymal tissue was frozen in liquid nitrogen and stored at -80 °C
until further processed. The epididymal supernatant was centrifuged at 1000 x g for 8
min at 4 °C to pellet the sperm. The supernatant was centrifuged at 2000 x g for 10 min
at 4 °C and then again at 10,000 x g for 30 min at 4 °C to pellet cell debris. This cell
debris pellet (referenced hereafter ‘pre-UC pellet’) was stored at -80 °C. To isolate EVs
from the epididymal fluid, 700 ul supernatant was transferred to polypropylene tubes.
Using an ultracentrifuge with a TLA-55 rotor, the samples were centrifuged twice at
100,000 x g for 70 min at 4 °C by discarding the supernatant and resuspending the
pellet until finally suspending the EVs in 100 pl filtered sterile H20. The isolated EVs
(referenced as ‘UC-EVs’) were diluted for nanoparticle tracking analysis (NTA) or

processed further for protein or RNA isolation.

2.1.3 Nanoparticle tracking analysis of UC-EVs

Nanoparticle tracking analysis was carried out using the Zetaview machine to measure
the size and quantity of UC-EVs. Samples were diluted appropriately with H20 for
optimal particle measurement. Settings such as brightness (> 20), minimum (10 nm) and
maximum (500 nm) size were set according to suggested ranges (Mehdiani et al., 2015).
For comparability of samples, the sensitivity setting was identical within each experiment
according to the optimal range of the scattering intensity of a control sample. Video
acquisition and data analysis was carried out on 11 positions within the machine and
with 3 cycles per sample. Particle sizes (peak, average, median and distribution),
particle number and concentration were statistically analysed using unpaired, two tailed
Student’s T-test (ns > 0.05). Sample sizes for the NTA analysis were as follows: Rab35-
het, n = 7; Rab35-control, n = 5; Rab27DKO, n = 4; WT, n = 3; Sytl4 ko/wt, n = 5; Sytl4

wt/wt n = 6.
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2.2 Analysis of protein components of UC isolated epididymal EVs

2.2.1 Protein extraction

UC-EV pellets were resuspended in 100 ul lysis buffer (50 mM HEPES (pH 7.4), 150
mM NaCl, 1 mM EDTA, 2 % SDS, 1 mM DTT, 1 x protease and phosphatase inhibitor)
and placed on ice. The samples were sonicated 6 times for 1 min (35 kHz) with 2 min
incubation on ice in between to aid lysation. Following this, samples were incubated at
95 °C for 5 min at 500 rpm and centrifuged for 20 min at maximum speed. The

supernatant containing the proteins was frozen at -80 °C until further use.

2.2.2 Western Blot

For Western Blot analysis, 4 x SDS loading dye was added to the extracted protein,
followed by 5 min at 95 °C, a brief incubation on ice and a short centrifugation step.
Samples were run at 125 V for 1.5 hours on 12 % tris-glycine polyacrylamide gels (1.5 M
Tris-HCI (pH 8.8), 0.5 M Tris-HCI (pH 6.8), 10 % SDS, 30 % Acrylamide solution, 10 %
Ammonium persulfate, TEMED). Afterwards, the samples were transferred onto a
nitrocellulose membrane in a wet chamber with 0.3 A for 1.5 hours. Membranes were
placed in 10 % milk for 1 hour on a shaker to block unspecific antibody binding followed
by an overnight incubation at 4 °C with the primary antibodies diluted in 1 % milk. After
three consecutive washes with first 1 x PBS and then 1 x PBST at room temperature,
membranes were incubated with the secondary antibody for 1.5 hours at room
temperature. After an additional washing step, the membranes were developed using
Western Bright (ECL and Peroxide) and imaged on a ChemiDoc Imaging System.

Primary and secondary antibodies with their dilutions are listed in Tab. 2 and Tab. 3.

Tab. 2: List of primary antibodies used for either Western blot protein analysis of mice
UC-EVs and antibodies used for fluorescence imaging of the male Drosophila AG.

Antigen Host Producer Catalog No. Dilution
CD9 Rabbit Abcam ab92726 1:1000
Flotillin 1 Rabbit Cell Signaling 18634 1:1000
Calnexin Rabbit Santa Cruz sc-11397 1:1000
Actin Mouse MP Biomedicals 691001 1:30000
Fasciclin Il Mouse DSHB 7G10 1:10
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Tab. 3: List of secondary antibodies used in either Western plot protein analysis of mice
UC-EVs and antibodies used for fluorescence imaging of the male Drosophila AG.

Host | Reactivity | Conjugate Producer Catalog No. | Dilution
Mouse | Goat HRP Dako P0447 1:10000
Rabbit | Goat HRP Promega W401B 1:3000
Goat | Mouse Alexa Fluor 594 | Life Technologies | A11005 1:400

2.2.3 Mass spectrometry analysis of UC isolated epididymal EVs
Liquid-Chromatography-Mass spectrometry/Mass spectrometry (LC-MS/MS) was carried
out on UC-EVs. Following protein extraction (as described above in the paragraph
‘Protein extraction’), samples were heated at 95 °C for 5 min followed by a quick chill on
ice and a spin down. UC-EV protein samples (10 ug) and BSA standards were mixed
with 4 x SDS loading dye and run on a 12 % tris-glycine polyacrylamide gel (as
described above in the paragraph ‘Protein extraction’) first for 15 min at 100 V and later
for 75 min at 150 V. Protein concentrations were quantified by SilverQuest Silver
Staining following manufacturer’s instructions and gel images were analysed using the
ChemiDoc to determine the protein concentration based on the BSA standard curve.

To generate tryptic peptides for LC-MS/MS, a modified Filter-aided-Sample-preparation
(FASP) was carried out as follows. Protein samples were reduced and alkylated by
incubating them with 10 mM DTT and 2 mM TCEP for 15 min at 60 °C, adding IAA and
incubating them in the dark for 30 min. After adding 300 ul urea buffer, each sample was
transferred to a filter column and centrifuged for 40 min at room temperature. Following
this, the filter columns were washed 6 times using 300 ul urea buffer and centrifuged at
17,000 x g for 20 min. For sample digestion, trypsin (60 pl 100 mM ABC, 40 ul HPLC
water and 40 ul Trypsin) was added to each filter column and incubated for 1 h at 37 °C
and overnight at 30 °C. The columns were centrifuged at 17,000 x g for 20 min to collect
the peptides and the flow through was stored at 4 °C. To remove the detergents from the
peptide solution, an equal volume of 2 M KCI was mixed with the samples and incubated
for 30 min at room temperature, followed by a centrifugation at maximum speed for 20
min to collect the supernatant. The peptides were cleaned using C18 Stage tips,
resuspended in Formic Acid and stored at 4 °C until use. Dr. Enzo Scifo (Translational
Biogerontology Lab, AG Ehninger, DZNE e.V. Bonn) carried out the quantification of the

peptides on a Dionex Ultimate 3000 RSLC nanosystem coupled to an Orbitrap Exploris
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480 MS and processed the data files with Proteome Discoverer™ software (v2.5.0.400,
Thermo Scientific) using SEQUEST® HT search engine against the Swiss-Prot® Mus
musculus database. Sample size for LC-MS/MS analysis of UC-EVs and epididymis

using WT mice were as follows: UC-EVs, n = 3; epididymis, n = 3.

2.3 Analysis of RNA content within UC isolated epididymal EVs

2.3.1 RNase pre-treatment and RNA extraction from UC isolated epididymal EVs
UC-EVs samples were pre-treated with RNase before carrying out the RNA extraction
protocol. For this, samples were incubated for 5 min at 37 °C with RNase H and RNase
A and flash frozen using dry ice. Afterwards, RNA was extracted using the miRNeasy
Mini Kit following manufacturer’s instructions. DNA contamination was removed by
incubating with DNase at 37 °C for 10 min. A Monarch RNA Cleanup Kit was used on
samples following the manufacturer’s instructions. Sample size and purity was analysed
using the Agilent Small RNA kit on the Bioanalyzer as per manufacturer’s instructions.

Samples were stored at -80 °C until further processed.

2.3.2 Total RNA sequencing from UC isolated epididymal EVs

To analyse total RNA sequencing on UC-EVs RNA content, RNA samples were ligated
with 3’ Adapter and 5 Adapter before the LM-Seq library preparation protocol was
carried out. In short, isolated UC-EV RNA samples were ligated with 3’ Adapter using a
reagent mixture of Ligation Buffer, RNase Inhibitor and T4 RNA Ligase for 1 h at 28 °C.
Afterwards, the samples were cleaned using Ampure Clean Up beads as per
manufacturer's recommendations. The RNA samples were then incubated with a
mixture of RNA 5 Adapter, 10 mM ATP and T4 RNA Ligase for 1 h at 28 °C. The
samples were then purified with Ampure Clean Up beads as before.

LM-Seq library preparation was carried out based on published protocols (Hou et al.,
2015). In brief, RNA samples were fragmented at 85°C for 7 min, before cooling on ice.
For cDNA synthesis, samples were incubated at 23 °C for 10 min then 42 °C for 30 min,
followed by 10 min incubation at room temperature with SmartScribe Reverse
Transcriptase (100 U) and random hexamer oligo primer. RNA was then removed by
treating the samples with RNase A and RNase H for 15 min at 37 °C and 5 min at 95 °C.

The cDNA was then purified using Ampure Clean Up beads as before and ligated with a



24

5’ lllumina adaptor with an overnight incubation at 22 °C with T4 RNA ligase |. Samples
were amplified by 24 PCR cycles using FailSafe PCR enzyme and oligos that contain
lllumina adaptors and index primers with unique nucleotides for each sample. The cDNA
samples were purified with Ampure Clean Up beads, selected by size using SPRIlselect
beads and quantified by a Qubit dsDNA High Sensitivity Assay Kit. To generate the
library, 10 ng cDNA of each sample was pooled and the pooled library was then
quantified for quality and average fragment size using an Agilent High Sensitivity DNA
chip on a Bioanalyzer. Dr. Enzo Scifo (Translational Biogerontology Lab, AG Ehninger,
DZNE e.V. Bonn) carried out the sequencing of the generated cDNA library on a lllumina
NovaSeq 6000 system and processed the data as follows: fastq files were generated
using bcl2fastq2 (v2.20); adaptor sequences were removed from the sequencing reads

using CutAdapt (https://usegalaxy.org/); trimmed reads were mapped using HISAT2

(v2.1.0) in Galaxy (https://usegalaxy.org/); indexing was carried out using Samtools and

count matrices were generated with Genomic Alignments in R; library normalisation and
quantification of differentially expressed genes (DEG) between samples was carried out
with the DESeq2 package (Love et al., 2014). The threshold for DEG was set at a false
discovery rate (FDR) < 0.05. Sample size for RNA sequencing analysis of UC-EVs was
as follows: Rab35-het and Rab35-control, n = 10; Rab27DKO and WT, n =7.

2.4 Analysis of Drosophila Melanogaster model system of inhibited secretion of EVs
from SCs within the AG and their offspring under paternal dietary interventions
2.4.1 Establishment of a Drosophila Melanogaster model system with decreased
secretion of EVs from SCs within AG
The UAS-Gal4 system was used to establish fly lines with a specific expression of
CD63-GFP and various RNAI lines in secondary cells (SCs) of the reproductive tract.
For this, the dve-Gal4 line (RRID:BDSC_12859) was crossed with UAS-CD63-GFP line
(donated by Dr. Suzanne Eaton, RRID:BDSC_91390) to establish a dve-Gal4—UAS-
CD63-GFP stock, which expresses CD63-GFP in all cells that express dve. CD63 is a
common EV component and used as a marker for EVs (Corrigan et al., 2014, Dar et al.,
2021, Fan et al., 2020, Gross et al., 2012, Linnemannstons et al., 2022, Sanchez-Lopez
et al., 2022). All stock lines were crossed with yw double balancer to generate lines

carrying comparable balancers. To generate a paternal FO genotype with a decreased
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EV secretion from SCs (FO generation), the dve-Gal4-UAS-CD63-GFP line was crossed
with the following stocks: UAS-Luciferase-RNAi (control, resulting line referred as
‘Luciferase-RNA"), UAS-Alix-RNAi (resulting line named hereafter ‘Alix-RNA/"), UAS-
Hrs-RNAI (resulting line referred as ‘Hrs-RNA/’) and UAS-Rab11-RNAi (resulting line
named hereafter ‘Rab17-RNAJ). The purchased and generated lines used in this thesis

are listed in Tab. 4.

Tab. 4: Acquired and generated Drosophila Melanogaster lines used within this study.

Purchesed lines Source

w[1118]; P[w[+mGT]=GT1] dve[BG02382]/CyO Bloomington (#12859)
y[1] v[1];; Ply[+t7.7] v[+11.8]=UAS-LUC.VALIUM10]attP2 | Bloomington (#35788)
y[1] sc[*] v[1]; P[y[+t7.7]v[+t1.8]=TRiP.HMS00298]attP2 | Bloomington (#33417)
y[1] sc[*] v[1];; Ply[+t7.7] v[+t1.8]=TRiP.HMS00841]attP2 | Bloomington (#33900)
y[1] v[1]; P[y[+t7.7] v[+t1.8]=TRiP.JF02812}attP2 Bloomington (#27730)
yw Prof. Gaia Tavosanis,

DZNE e.V., Bonn
w[*]; P[w[+mC]=UAS-EGFP.CD63]2; Dr[1]/TM3, Sb[1] Suzanne Eaton, Max

Planck Institute of
Molecular Cell Biology and
Genetics

Generated lines

yw; IF/CyO;MKRS/TM6B

yw; dveGal4-UAS-CD63-GFP/CyO; TM6B/MKRS

yw; IF/CyO; UAS-Luciferase-RNAi/TM6B

yw; IF/CyO; UAS-Alix-RNAi/TM6B

yw; IF/CyO; UAS-Rab11-RNAI/TM6B

yw; IF/CyO; UAS-Hrs-RNAi/TM6B

Generated FO0 Lines carrying Gal4 and UAS-RNA.I Referred to in thesis as

components

yw;dveGal4-UAS-CD63-GFP/IF;UAS-Luciferase- Luciferase-RNAi

RNAI/MKRS

yw; dveGal4-UAS-CD63-GFP/IF; UAS-Rab11- Rab11-RNAi

RNAI/MKRS

yw; dveGal4-UAS-CD63-GFP/IF; UAS-Hrs-RNAI/MKRS | Hrs-RNAi
yw; dveGal4-UAS-CD63-GFP/IF; UAS-Alix-RNAI/MKRS | Alix-RNAi

Generated F1 line from paternal genotypes and Referred to in thesis as
paternal diets
yw; IF/+; MRKS/+ F1
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2.4.2 Imaging of the AG within the male Drosophila melanogaster reproductive tract

Five-day-old male flies expressing UAS-CD63-GFP and UAS-RNAis under dve-Gal4
control were anesthetised on ice. In cold 0.03 % PBST, the male reproductive tract was
dissected and fixed in 4 % PFA for 15 min. If staining was carried out, the tissue was
permeabilised with 0.3 % Triton X-100 for 30 min and blocked with 10 % BSA for 1 houir,
before the primary antibody Fascilin Il (Faslll, Tab. 2) was incubated overnight at 4 °C.
Following washing and incubation with secondary antibody for 2 hours at room
temperature (Tab. 3), the tissue was mounted on microscope slides using VectorShield
mounting medium with DAPI. Slides were stored at 4 °C prior to imaging. Images were
acquired on a LSM700 confocal microscope with 20 x, 40 x, and 63 x objectives. Gain
and laser intensity settings were optimised for representative images, but standardised
between samples for quantification. Representative images are shown as maximum

intensity projections.

2.4.3 Quantification of CD63-GFP puncta within the Drosophila melanogaster AG
lumen

To quantify the number of CD63-GFP puncta within the AG lumen, confocal images
were taken in 3 different sections of the AG of male flies expressing UAS-CD63-GFP
and UAS-RNA:is under dve-Gal4 control. Images were acquired with 63x objective, 1 um
slice intervals, and taken from the top to the bottom epithelial cell layer of the AG, visible
by the DAPI staining of the cell nucleus. Using ImageJ, below the first 10 confocal slice
layers, the total GFP area of 20 slices was quantified in arbitrary units [a.u.] and
averaged per section and AG. Normal distribution was determined using the Shapiro-
Wilk test and statistical significance was tested by one-way ANOVA Kruskal-Wallis
(Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli) with ns p <
0.05, **** p < 0.0001. Samples sizes for the quantification of CD63-GFP puncta within
the AG lumen are as follows: Luciferase-RNAi n = 48, Alix-RNAi n = 30; Hrs-RNAi n =
38; Rab11-RNAi n = 35.
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2.4.4 Food preparation and dietary exposures of male FO

The normal diet (ND) for flies was cooked by the technical assistant of Prof. Dr. Gaia
Tavosanis, DZNE e.V. (Bonn), using a standard food recipe (Tab. 5). To make a high
sugar diet (HSD) or a high fat diet (HFD), the food for the ND was reheated and
supplemented with either sucrose or coconut oil to create a 30 % HSD or 30 % HFD,
respectively. Male FO flies (Luciferase-RNAi, Rab11-RNAi and Hrs-RNAI/) were aged for
5 days post-eclosion and then fed a ND, HSD or HFD for 5 days.

Tab. 5: Ingredients for a normal diet and supplements for high sugar or high fat diets.

Ingredients Amount | Dietary intervention (in 1 L)
Agar 11.7 g | Normal diet (ND)
Cornmeal 100 g

Sojameal 10g

Yeast 18.5¢

Diamalt 409

Sugar syrup 40 g

Nipagin salt 25¢

H3PO4 (10 %) 100 ml

+ Coconut Ol 300 g High fat diet (HFD)

+ Sucrose 300 g High sugar diet (HSD)

2.4.5 F1 Generation

Post dietary exposures, FO males were placed with 3-5 day old yw wildtype females in
single crosses on a ND. After 20 hours, the FO males were removed and the females
were placed in fresh food (ND) for egg laying and F1 generation. F1 flies used in this
study were selected specifically to carry identical balancers and to not carry any of the
paternal dve-Gal4 or UAS-RNAi chromosomes. These flies were raised in ND and were

never exposed to paternal dietary interventions (Tab. 4).

2.4.6 Fecundity analysis

After mating with FO males, yw wildtype females were flipped onto fresh food on day 2
and day 4 and the numbers of eggs laid on the food were counted. Adult F1 eclosion
from each vial was counted. Sample size for the fecundity analysis was as follows: n >

13 per genotype and dietary condition.
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2.5 Metabolic analysis of Drosophila Melanogaster FO models and their F1 offspring
For the following metabolic analysis, male FO flies were 10 days old (post-dietary

intervention) and their F1 offspring were 5 days old at the time of analysis.

2.5.1 Body weight measurement of male FO flies and their F1 offspring

Flies were placed in an empty vial for 30 min to defecate. Afterwards, 5-10 flies were
placed into pre-weighed 1.5 ml Eppendorf tubes and weighed on an ultra-sensitive scale
with up to 0.01 mg precision. The tubes were then frozen in liquid nitrogen and stored at
-80 °C until further processed. To determine the average fly weight, the weight of the
tube containing flies was subtracted from the weight of the tube without flies and then
divided by the number of flies in the tube. Sample size for the body weight analysis was
as follows: male FO, n > 12 per genotype and dietary condition; female F1, n > 9 per

paternal genotype and condition; male F1, n > 12 per paternal genotype and condition.

2.5.2 Triglyceride measurement of male FO flies and their F1 offspring

To measure the triglyceride (TAG) content of flies, the procedure was followed
previously described (Tennessen et al., 2014). In short, 5 flies were homogenised in 100
ul cold PBS + 0.05 % Tween 20 (PBST) and then heated for 10 min at 70 °C. Following
this, 20 pl PBST and 20 pl triglyceride reagent were each added to 20 ul fly samples,
glycerol standards and a PBST blank. The mixtures were incubated for 30 - 60 min at 37
°C. After centrifuging for 3 min at full speed, 30 pl of each sample was transferred to a
96-well plate. The samples were treated with 100 ul free glycerol reagent and the plate
was incubated for 5 min at 37 °C. The absorbances of the sample mixtures were
measured at 540 nm on a Tecan plate reader. To determine the TAG concentration for
each sample, the absorbance of free glycerol in untreated samples was subtracted from
the absorbance of samples treated with triglyceride reagent and then calculated using
the standard curve from the glycerol standards. A Bradford assay was carried out as
described by manufacturer’s instructions to measure the protein amount for
normalisation. Sample size for the TAG content quantification was as follows: FO, n > 13
per genotype and dietary condition; female F1, n > 12 per paternal genotype and

condition; male F1, n > 13 per paternal genotype and condition.
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2.5.3 Lifespan analysis of male FO and F1 offspring

F1 flies were collected after eclosion with males and females being separated after 48
hours. Fly handling was followed as previously described (Linford et al., 2013). In short,
flies were flipped into fresh vials every 2 - 3 days, with dead, escaped or stuck flies
documented every 2 days. The sample size for all datasets was n > 100. Data was
plotted using Kaplan-Meier survival curves and analysed with a Log-rank (Mantel-Cox)
Test: ns p > 0.05, *p <0.05, ** p<0.01, *** p <0.001, *** p < 0.0001.

2.5.4 RNA isolation and mRNA sequencing of F1 offspring

The gene expression profile in offspring generated from male FO flies was analysed by
MmRNA sequencing in young adult F1 (5 days old) and aged F1 (males: 3 weeks;
females: 4 weeks) flies. For each sample, 3 - 5 flies were homogenized in 400 pl TRI
Reagent and incubated at room temperature for 5 min. After centrifuging at 12,000 x g
for 10 min at 4 °C, the supernatant was transferred into a new tube and 200 ul
chloroform was added. Samples were centrifuged at 12,000 x g for 15 min at 4 °C to
separate the aqueous phase from the organic phase. The aqueous phase was mixed
with 500 pl isopropanol to precipitate the DNA. The samples were then incubated for 10
min at room temperature followed by centrifuging at 12,000 x g for 15 min at 4 °C to
pellet the RNA. The pellet was washed with 1 ml 75 % ethanol and centrifuged at 7,500
x g for 5 min at 4 °C. The ethanol was removed and the pellet was dissolved in 30 pl
RNase free water. DNA was removed by incubating the RNA samples with DNase for 10
min at 37°C. A Monarch RNA Cleanup Kit was used following the manufacturer’s
instructions. Samples were stored at -80 °C until further processed. For RNA
sequencing of samples, mMRNA was isolated using NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB #E7490) following manufacturer’s instructions. LM-Seq library
preparation and analysis was carried out as described above in the paragraph ‘Total
RNA sequencing from UC isolated epididymal EVs (UC-EVs). Sample sizes for the
MRNA sequencing of F1 males and females were as follows: young adult F1 from
paternal HFD, n = 5; young adult F1 from paternal HSD, n = 7; aged F1 from paternal
HSD and HFD, n = 5.
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2.6 Gene ontology analysis
To identify potential functions of differentially expressed genes and proteins, Gene

Ontology (GO) analysis (GO Consortium, http://geneontology.org/) powered by

PANTHER was carried out. The categories ‘biological processes’, ‘molecular function’
and ‘cellular component’ were selected and analysed separately for up- and down-

regulated genes and proteins, with false discovery rate (FDR) < 0.05 threshold.

2.7 Statistical analysis

Unless otherwise specified, data was analysed in Microsoft Excel (2010) and GraphPad
Prism (Version 9.3.1). Outliers were identified and removed using ROUT (Q = 1%).
Statistical analysis was carried out by two-way ANOVA (with Fisher LSD Test): ns p >
0.05, * p <0.05, ™ p <0.01, ** p < 0.001, *** p < 0.0001. Only statistical significances

within genotype or within diet comparison are shown in the graphs.

2.8 Reagents and consumables
Reagents and consumables, as well as equipment and software used in this thesis are

listed in Tab. 6 and Tab. 7, respectively.

Tab. 6: List of consumables and reagents used in the experiments of this thesis.

Consumables and Reagents

Product Manufacturer Catalog no.
2-Propanol, min. 99,8 % Carl Roth 6752.2

3' Adapter Primer Sigma Aldrich

5' Adapter Primer Sigma Aldrich

Acetic acid, optima™ LC/MS grade Thermo Fisher Scientific A113-50
Acetone Thermo Fisher Scientific 10417440
Agilent High Sensitivity DNA Kit Agilent 5067-4626

Amicon ultra-0.5 centrifugal filter uni, 10k | Thermo Fisher Scientific UFC501096
mwco, 0.5 ml (96 pack)

Ammonium bicarbonate (ABC) Sigma A6141-5009g
Ammonium persulfate Sigma A3678-25¢g
Ampure Beads , 60ml Agencourt A63881
Bioanalyzer Small RNA Analysis Agilent 5067-1548
Nitrocellulose Blotting Membrane (0.1um) | Sigma Aldrich GE10600000
Bond-Breaker TCEP Thermo Fisher Scientific 77720
Bradford Dye Reagent Concentrate Biorad 5000006

BSA Sigma Aldrich A9418-100g
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Coconut oil VWR ACRO36547
1000

DTT (dithiothreitol) Thermo Fisher Scientific R0862

EDTA Applichem A11030500

Eppendorf™ protein LoBind Thermo Fisher Scientific 10708704

Ethanol min. 99,8 % Carl Roth 9065.2

FailSafe PCR Enzyme (2.5U/ul, 250U) Epicentre FS99250

Forene 100 % (Isoflurane) Abbvie B506

Formic acid (modifier), LC/MS grade Thermo Fisher Scientific 15655840

Free Glycerol Reagent Sigma F6428

HEPES Roth HN78.1

HPLC water Thermo Fisher Scientific 51140

lodo acetic acid (iaa) Thermo Fisher Scientific 35603

LC MS autosampler vials (100 pack) Waters 186000384C

Microfuge Tube Polypropylene Beckman Coulter 357448

Milk powder Roth T145.3

miRNeasy Mini Kit Qiagen 217004

Monarch RNA Cleanup Kit (50 ug) New England Biolabs T2040L

NEBNext Single Cell/Low Input RNA NEB E6420L

Library Prep Kit for Illlum

NovaSeq 6000 S1 Reagent Kit (100 lllumina 20012865

cycles)

Optima LC/MS acetonitrile with 0.1% (v/v) | Thermo Fisher Scientific LS121-1,1L

trifluo-roacetic acid

Optima LC/MS acetonitrile with 0.1% (v/v) | Thermo Fisher Scientific LS120-1,1L

formic acid

Optima LC/MS water with 0.1% (v/v) Thermo Fisher Scientific LS118-1,1L

formic acid

Optima LC/MS water with 0.1% (v/v) Thermo Fisher Scientific LS119-1,1L

trifluoro-acetic acid

PageRuler Plus Prestained Protein Ladder | Thermo Fisher Scientific 26619

Paraformaldehyde solution 4% in PBS Santa Cruz sc-281692

(PFA)

Pierce C18 tips, 100 ul bed 96 tips Thermo Fisher Scientific 87784

Pierce protease and phosphatase inhibitor | Thermo Fisher Scientific A32961

mini tablets, EDTA-free

Pierce trypsin protease MS grade Thermo Fisher Scientific 90058

Potassium chloride (KCI) Roth 6781.3

Qubit™ dsDNA HS Assay Kit Thermo Fisher Scientific Q32851

RNase A (50mg) Epicentre MRNAOQ92

RNase H (250 U) NEB M0297S

RNase Inhibitor (2000 U) Thermo Fisher Scientific N8080119

SilverQuest Silver Staining Kit Life Technologies LC6070

Smartscribe Rev Trans (100 U/ul) Clontech 639537
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Sodium Chloride (NaCl) Roth 3957.2
Sodium dodecyl sulfate (SDS) Roth 2326.2-500g
Sodium hydroxide (NaOH) Roth 9356.1
Sucrose Serva 35580.03
T4 RNA Ligase 1 (10U/pl; 5000 U) NEB MO0204L
Tetramethylethylendiamine (TEMED) Roth 2367.3
TFA, LC/MS grade Thermo Fisher Scientific 10723857
TRI Reagent Sigma Aldrich T9424-

200ML
Trichlormethan/Chloroform Carl Roth 3313.2
Triglyceride Reagent Sigma T2449
Tris-HCI Thermo Fisher Scientific 15568025
Triton X-100 Sigma X100-500
Tween 20 Sigma 274348-1L
Urea (Harnstoff) Applichem A1360,1000
Vectashield with DAPI Fisher Scientific 13273694
Western Bright Chemiluminesence Biozyme 541010
Substrate Quantum

Tab. 7: List of equipment and software used in the

thesis.

experiments and analysis of this

Equipment and Software

Product Manufactory/Creator Specifications
Bioanalyzer Agilent 2100 Bioanalyzer
Bioanalyzer Chip Vortexer | Agilent MS 3 basic S36 Agilent
Centrifuge Thermo Fisher Scientific | Heraeus Fresco 21
ChemiDoc Biorad ChemiDoc MP Imaging System
Confocal Microscope Zeiss LSM700

Excel Microsoft 2010

Fixed-Angle Rotor Beckman Coulter TLA-55

GraphPad Prism GraphPad Software, Inc | Version 9.3.1

ImageJ Wayne Rasband (NIH)

Plate reader Tecan Infinite M Plex
Spectrophotometer Thermo Scientific NanoDrop 2000c

Thermomixer

Eppendorf

Thermomixer comfort

Ultracentrifuge

Beckman Coulter

Optima Max-XP Biosafe Tabletop

Zetaview

Particle Metrix

Mono
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3. Results

3.1 Evaluation of candidate mouse lines as in vivo loss of function models for EVs
secreted by the epididymis into the epididymal fluid

We generated three candidate transgenic mouse lines with a knock down of proteins

with published functions in the EV biogenesis or secretion pathway. The suitability of

these candidate lines as in vivo loss of function models for EVs secreted by the

epididymis into the epididymal fluid is analysed here.

3.1.1 Characterisation of EVs isolated from epididymal fluid using ultracentrifugation
Following the guidelines of the International Society of Extracellular Vesicles (Théry et
al., 2018), EVs isolated by ultracentrifugation from the epididymal fluid (UC-EVs) were
characterised by protein composition and size before the evaluation of the three mouse
lines was carried out (Fig. 1).

Following ultracentrifugation isolation, approximately 60 ug proteins are extracted from
UC-EVs of both epididymis sides of a WT mouse. Although there is currently no
definitive EV marker, the representative Western blot comparing proteins extracted from
epididymal fluid EVs (UC-EVs), cell debris pellet (pre-UC pellet) and epididymal tissue in
Fig. 1 A demonstrates antibodies targeting proteins commonly used to determine the
nature and purity of EV samples. CD9 and FLOT1 are well-described EV proteins and
are present in the UC-EVs sample (Fig. 1 A). While the epididymal tissue and pre-UC
pellet have much stronger antibody bands against FLOT1 than UC-EVs, the CD9
antibody band is most prominent in the UC-EV sample (Fig. 1 A). ACTIN is another
common, though not specific EV protein, and is very weakly present in the UC-EV
sample in comparison to the epididymal tissue (Fig. 1 A). As a component of the
endoplasmic reticulum, the antibody against CALNEXIN is a common marker for non-EV

structures and is not present in UC-EVs (Fig. 1 A).
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Fig. 1: Protein composition analysis and size quantification of EVs isolated from
epididymal fluid from WT mice using ultracentrifugation. Representative Western blot
membrane staining depicts antibodies targeting CD9, FLOT1, CALNEXIN and ACTIN
from UC-EVs, pre-UC cell pellet and epididymal tissue protein samples (A). Significantly
upregulated and downregulated proteins from UC-EV samples compared to epididymal
tissue measured using LC-MS/MS are shown in a volcano plot (threshold: fold change
1.5, p < 0.05; n = 3) (B). For the significantly upregulated UC-EV proteins, top 20
biological processes (C) and cellular components (D) based on fold enrichment are
predicted by gene ontology analysis (PANTHER; FDR < 0.05). Nanoparticle tracking
analysis quantifies the size of UC-EVs (E-G). Average particle number vs size [nm] is
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shown on a logarithmic scale (E) with the mean displayed in red. The mean particle
concentration [E+07 particle/ml] (F) and mean particle size [nm] (G) are displayed with
mean + SD (n = 4).

To determine the full protein composition of UC-EVs, LC-MS/MS was carried out
comparing tryptic peptides of UC-EVs and epididymal tissue (n = 3). With medium-high
confidence, a total of 4458 proteins are identified with 151 proteins in the UC-EVs
upregulated compared to the epididymal tissue samples and 735 proteins
downregulated (Fig. 1 B, fold change 1.5, p value < 0.05). Within the upregulated
proteins in the UC-EVs samples, well-known EV markers are identified: CD63 (P41731),
CD81 (P35762) and RAB35 (Q6PHN9). Other proteins, which are currently defined as
non-EV proteins, are also upregulated in the UC-EV samples: APOLIPOPROTEIN A-l
(Q00623), E (P08226), C-I (P34928)) and Ribosomal proteins (60S ribosomal protein
L7a (P12970), 40S ribosomal protein S19 (Q9CZX8)). Using gene ontology analysis
(GO analysis, PANTHER, FDR < 0.05) to analyse the 151 significantly upregulated
proteins, 38 enriched biological processes are predicted, with the top 20 according to
fold enrichment reported here (Fig. 1 C). Some notable biological processes are
‘cytoplasmic translation’ (G0O:0002181), ‘peptide biosynthetic process’ (G0:0043043)
and ‘peptide metabolic process’ (GO:0006518). Furthermore, 37 enriched cellular
components are identified from the upregulated UC-EV proteins with the top 20
displayed in Fig. 1 D, among them: ‘extracellular vesicle’ (G0O:1903561) and
‘extracellular exosome’ (GO:0070062).

Nanoparticle tracking analysis (NTA) was carried out on UC-EV samples of 4-month old
WT mice (n = 4) to determine their size (Fig. 1 E). Mean particle concentration for each
UC-EV sample is 456.9 + 64.30 E+07 Particles/ml (Fig. 1 F), with a mean particle size of
75.68 £ 9.60 nm and most particles having a diameter of 95.41 £ 9.20 nm (Fig. 1 G).
Based on the protein composition and size profile of UC-EVs, EVs can be isolated from
the epididymal fluid of mice using UC, although potential impurities such as for example

Apolipoproteins need to be considered.



36

3.1.2 NTA-based size characterisation of epididymis-derived UC-EVs from mouse lines
carrying mutations within the EV biogenesis or secretion pathway
To determine if the mutations within the EV biogenesis or secretion pathway indeed lead
to decreased EV amounts within the epididymal fluid, NTA was carried out to measure
the number and size distribution of UC-EVs from the mutant mice lines and their
respective controls.
The conditional knock out of Rab35 (Rab35-het, n = 7) within the epididymis and kidney
does not affect the amount or size of UC-EVs compared to their littermates (Rab35-
control, n = 5) (Fig. 2 A and D). Between Rab35-het and Rab35-control, the
concentration of particles (493.6 + 139.1 E+07 particles/ml vs 504.5 + 110.8 E+07
particles/ml; unpaired two-tailed t-test: p = 0.8874) and mean patrticle size (87.34 + 12.12
nm vs 87.99 £ 9.09 nm; unpaired two-tailed t-test: p = 0.9217) are not significantly
different (Fig. 2 A and D).
The global knockout of Rab27 (Rab27DKO) causes the reduced expression of both
Rab27a and Rab27b within all tissue. Comparing the Rab27DKO mice (n = 4) and age
matched WT controls (n = 3), no significant differences between the particle numbers
(361.3 £ 69.45 E+07 particles/ml vs 447.5 + 131.3 E+Q7 particles/ml; unpaired two-tailed
t-test: p = 0.3053) and the mean particle sizes (87.12 + 9.536 nm vs 83.57 + 10.10 nm;
unpaired two-tailed t-test: p = 0.6543) are observed (Fig. 2 B and E).
Sytl4 knockout leads to a globally decreased expression of Sytl4. Between Sytl4 ko/wt (n
= 5) and their littermates Sytl4 wt/wt (n = 6), no significant differences in particle number
(5323 + 2215 E+0Q7 particles/ml vs 5664 + 2939 E+07 particles/ml; unpaired two-tailed t-
test: p = 0.8361), nor mean particle size (81.49 + 14.06 nm vs 83.48 + 7.05 nm; unpaired
two-tailed t-test: p = 0.7667) are measurable (Fig. 2 C and F).
The absence of significant changes to the size and amount of UC-EVs from any of the
three mouse line candidates indicates that the mutations do not affect the EV secretion
or biogenesis pathways in the epididymal cells in the same manner as published for
other cell types (Hsu et al., 2010, Ostrowski et al., 2010). Consequently, these mouse

lines cannot be utilised as absolute UC-EV depletion models.
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Fig. 2: Evaluation of candidate mouse lines with a knockout of proteins involved in EV
biogenesis or secretion pathways by UC-EV size and RNA content. NTA analysis
compares the size of UC-EVs from Rab35-control and Rab35-het mice (n = 5 and 7,
respectively) (A and D), Rab27DKO and their WT control (n= 4 and 3, respectively) (B
and E) and Sytl4 ko/wt and Sytl4 wt/wt mice (n = 5 and 6, respectively) (C and F).
Average number of particles vs size [nm] is displayed on logarithmic scale (A, B and C).
Average size of particles [nm] is shown as mean = SD (D, E and F). Statistical analysis:
an unpaired two-tailed Student’s t-test (ns p > 0.05). Volcano plots display gene
expression of UC-EVs mRNA sequencing from Rab35-het vs Rab35-control (G; n = 10)
and Rab27DKO vs WT mice (H; n = 7) (FDR < 0.05). Significantly enriched biological
processes are identified using gene ontology analysis for the significant upregulated (/;
top 20) and downregulated (J) differentially expressed genes of UC-EVs from
Rab27DKO mice (Gene Ontology Resource — PANTHER; FDR < 0.05).

3.1.3 Characterisation of epididymis-derived UC-EV RNA content of the candidate
mouse lines carrying mutations within the EV biogenesis or secretion pathway
Although no significant changes to both UC-EV size and numbers were identified in the
three mouse model candidates, the gene deletion in these mutant lines could result in
RNA cargo changes of UC-EVs. To address this possibility, RNA was extracted from the
UC-EVs using an RNase pre-treatment and mRNA sequencing was carried out on the
Cdh16-cre/Rab35-flox and Rab27DKO mouse lines.
RNA sequencing analysis reveals no significantly differentially expressed genes (DEG)
between Rab35-het and Rab35-control mice (FDR < 0.05) (Fig. 2 G). Shifting the
analysis thresholds to FDR > 0.05 and p-value < 0.05, 687 genes are differentially
expressed in Rab35-het mice, with 295 upregulated and 392 downregulated genes (Tab.
1). Within the top 10 genes according to the p-value, Rab27b is downregulated in UC-
EVs from Rab35-het mice compared to Rab35-control, indicating that Rab35 may be
involved in the regulation of Rab27b (Tab. 8).
In the Rab27DKO line, mRNA sequencing identifies 99 significantly DEG (FDR < 0.05)
(Fig. 2 H). GO analysis (PANTHER, FDR < 0.05) predicts an enrichment in 19 biological
processes for the 62 upregulated proteins, including: ‘sperm axoneme assembly’
(GO:0007288); ‘sperm motility’ (GO:0097722) and ‘germ cell development’
(GO:0007281) (Fig. 2 I). For the 37 downregulated genes, 4 significant biological
processes have been identified with among them ‘vesicle-mediated transport’
(GO:0016192) (Fig. 2 J).
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Tab. 8: Top 10 genes identified in UC-EV mRNA sequencing, sorted based on p-value.
Gene Name log2 (Fold Change) p-value FDR
Rab27b -1.29E+00 6.54E-06 1.58E-01
Pomp -3.08E-05 1.52E-05 1.84E-01
Gm21738 2.00E+00 4.40E-05 3.55E-01
Akap2 -7.69E-06 8.15E-05 4.92E-01
Gm33838 2.54E+00 1.02E-04 4.92E-01
Btbd11 -1.10E-05 1.35E-04 5.44E-01
Gm10800 1.66E+00 3.05E-04 9.74E-01
Rhoh -8.78E-06 3.22E-04 9.74E-01
Ddx19a 7.20E-01 4.69E-04 9.99E-01
Gm25650 -4.98E-06 5.61E-04 9.99E-01

In summary, EVs have been isolated using UC and were characterised according to
current recommendation from the epididymal fluid of mice. Three candidate mouse lines,
carrying mutations in genes coding for proteins involved in the EV biogenesis or
secretion pathways, have been studied with none of these mouse lines showing a
measurably decreased amount of EVs secreted into the epididymal fluid. Although some
changes to the UC-EV mRNA content have been identified with the Rab27DKO line, the
nature of the global knockout of Rab27a and Rab27b causes effects on tissue both
inside and outside of the reproductive tract to be additionally contributing uncontrollable
factors to consider in future intergenerational studies.

Therefore, the mouse lines analysed in this thesis cannot act as the loss of function
model system to study the role of EVs from somatic cells of the reproductive tract as
potential mediators of intergenerational effects in vivo. Yet, the findings suggest that
epididymal-specific deletion of Rab27a and Rab27b could be explored in future studies

to address whether this is sufficient to manipulate epididymal EV cargo in vivo.
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3.2 Establishment of an in vivo loss of function model for EVs secreted by somatic
cells within the male reproductive tract in Drosophila melanogaster

As establishing an in vivo loss of function model of EVs in the mouse has remained

challenging, we aimed to generate a Drosophila melanogaster in vivo model with

decreased secretion of EVs from somatic cells of the reproductive tract.

3.2.1 Drosophila melanogaster lines expressing RNAis in the secondary cells of the
accessory gland under dve-Gal4 control

Within the reproductive tract of the male Drosophila melanogaster, the accessory gland
(AG) produces most of the components of the seminal fluid. A small subtype of AG cells
known as secondary cells (SCs) have been shown to secrete EVs into the AG lumen.
With the UAS-Gal4 system, a Drosophila melanogaster line expressing human CDG63-
GFP (green) (CD63 being a common EV component), specifically in SCs of the AG
within the male reproductive system under dve-Gal4 control has been generated (Fig. 3
A). Faslll antibody (red) and DAPI staining (blue) visualise the cell borders and nucleus
respectively, in order to clearly differentiate the epithelial cell layer and the AG lumen
containing the AG fluid in the AG tip (Fig. 3 B and C). In the top epithelial cell layer of the
AG, CD63-GFP (green) expressed in SCs localises on intraluminal structures (Fig. 3 B).
Outside of the SCs in the AG luminal space, small green GFP puncta are visible,
indicating particles secreted by SCs (Fig. 3 C).

In order to study the impact of EVs on the phenotypic outcome of the next generation in
vivo, we established a Drosophila melanogaster model with decreased secretion of
CD63-GFP puncta from SCs into the AG lumen by expressing RNAI targeting common
components of the EV biogenesis or secretion pathway in SCs under the same dve-Gal4
control (Fig. 3 D-K). With Luciferase-RNAI as the reference condition (Fig. 3 D and E),
changes to the SC intraluminal structures (Fig. 3, left column D, F, H, J) and the number
of GFP puncta in the AG lumen (Fig. 3, right column E, G, I, K) can be observed in Alix-,
Hrs- and Rab11-RNAi expressing flies. Alix-RNAi expression shows neither visual
changes in the SC structure nor in the amount of GFP puncta within the AG lumen (Fig.
3 F-G). Similarly, Hrs-RNAi expression leads to no obvious changes to the SCs
intraluminal structures, but observable changes in the amount of GFP puncta in the AG

lumen are visible (Fig. 3 H-I). Rab11-RNAi expression under dve-Gal4 control leads to a
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similar decrease of GFP puncta in the AG lumen as Hrs-RNAi, but a more severe
disruption of SC intraluminal structures than the other RNAis (Fig. 3 J-K). These
observations within the AG lumen are confirmed by quantification of the GFP puncta
area within defined sections of the AG lumen (Fig. 3 L). Non-parametric ANOVA
Kruskal-Wallis test indicates a significant difference between all 4 genotypes, with
Dunn's multiple comparisons showing no significant difference between the control
genotype and Alix-RNAi (p > 0.9999), but a significant difference between Luciferase-
RNAi and Hrs-RNAi (p < 0.0001), as well as Luciferase-RNAi and Rab11-RNAi (p <
0.0001) (Fig. 3 L). These findings indicate that expressing Hrs-RNAi and Rab11-RNAi
under dve-Gal4 control leads to a decreased secretion of CD63-GFP puncta from SCs
into the AG lumen, although with different effects on the SC internal structure.

To test for possible effects of long-term RNAIi expression on the overall health of the
control and the two genotypes, a lifespan analysis was carried out (Fig. 3 M). Log-rank
(Mantel-Cox) test shows a significant genotype effect on the lifespan curves (p < 0.0001)
(Fig. 3 M), and a median survival of the Luciferase-RNAi for 38 days, Hrs-RNAi 36 days
and Rab11-RNAi 30 days. No significant difference is observable between the lifespan
curves of the Luciferase- (blue) and Hrs-RNAi (purple) genotypes (p = 0.8979).
However, there is a significant difference in the survival curves of Luciferase-RNAi and
Rab11-RNAi (green) (p < 0.0001), indicating that expression of Rab171-RNAi under the
dve-Gal4 driver control causes a detrimental effect on the male FO lifespan (Fig. 3 M).
Although Rab11-RNAi expression causes the highest decrease CD63-GFP puncta
within the AG lumen, the reduced lifespan compared to the other RNAi genotypes could
lead to currently unclear effects on the next generation. For this reason and the fact that
Hrs-RNAi expression under dve-Gal4 control leads to similar significantly decreased
secretion of CD63-GFP in SCs, both fly lines were utilised for the in vivo investigation of
the impact of EVs from somatic cells within the reproductive tract on the phenotypic

outcome of the next generation.
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Fig. 3: Evaluation of CD63-GFP puncta secreted by SCs of male Drosophila
melanogaster expressing RNAis under dve-Gal4 control. Antibody staining of Faslll (red)
and DAPI (blue) visualise the cell membrane and the nucleus, respectively (A-C). The
male reproductive tract from 5-day old male flies with CD63-GFP expressed in SCs
under dve-Gal4 control is shown in a representative confocal image (20x, scale bar 250
pum) (A). Endogenous CD63-GFP (green) within SCs is visible in the top confocal slice
image of the AG (40x, scare bar 25 ym) (B) and green CD63-GFP puncta are visible in
the AG lumen within the middle confocal image slice of the AG (40x, scare bar 25 um)
(C). Representative confocal images display the effect of expressing Luciferase-RNAi
(D, E), Alix-RNAi (F, G), Hrs-RNAi (H, I) and Rab11-RNAi (J, K) under dve-Gal4 control
on SC intraluminal structures (left column, scale bar 10 ym) and the CD63-GFP puncta
within the AG lumen (right column, scale bar 20 ym). Displayed images are maximum
intensity z-projections. Average total area of GFP within defined spaces of the AG lumen
from male flies expressing Luciferase-RNAi (n = 48), Alix-RNAi (n = 30), Hrs-RNAi (n =
38) or Rab11-RNAi (n = 35) under dve-Gal4 control are quantified using Imaged (L).
Statistical analysis is carried out using one-way ANOVA (Kruskal-Wallis; ns p > 0.05,
**** p < 0.0001) with bar graphs shown as mean + SD (L). Survival curves of male flies
expressing Luciferase-RNAi (blue), Rab11-RNAi (green) and Hrs-RNAi (purple) under
dve-Gal4 control are displayed with the Kaplan-Meier method (M). Statistical
significance data is analysed with the Log-rank (Mantel-Cox) test (ns p > 0.05, **** p <
0.0001; n > 100).

3.2.2 Body composition and fecundity analysis of male Drosophila melanogaster lines
expressing RNAIis under dve-Gal4 control and exposed to dietary interventions
Male FO Drosophila melanogaster expressing Luciferase-RNAI, Hrs-RNAi and Rab11-
RNAI under dve-Gal4 control were exposed to ND, HSD or HFD for 5 days prior to
mating. To analyse the impact of the dietary exposures on the FO males, body
composition and fecundity changes were measured post dietary interventions (Fig. 4 A).
All data were standardised, using z-transformations, to the Luciferase-RNAi under ND.
Two-way ANOVA reveals an overall significant dietary effect on the body weight of male
FO flies after dietary exposure (F (2, 143) = 15.27; p < 0.0001), but no genotype effect (F
(2, 143) = 1.950; p = 0.1461) (Fig. 4 B). Using Multiple Comparison Analysis (Fisher
LSD Test), within genotype or within diet differences are identified. Comparing the
dietary exposures within the FO control genotype, there is a non-significant decrease in
body weight under HSD (p = 0.0867), and a trending increase in body weight under HFD
when compared to HSD (p = 0.0519) (Fig. 4 B). Similarly, a significant decrease in body
weight after HSD is visible for both Hrs- and Rab171-RNAi (p = 0.0012 and p = 0.0359,

respectively) (Fig. 4 B). HFD leads to a significant increase in body weight in male flies
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expressing Rab17-RNAi under dve-Gal4 control (p = 0.0094), but not in the Hrs-RNAi
genotype (p = 0.4657) (Fig. 4 B). These findings indicate that the directionality of male
FO body weight changes are dependent on the dietary exposures, with the strength of
these changes being possibly dependent on the FO genotype.

With regards to the TAG content of male FO flies exposed to dietary interventions, there
is an overall effect caused by diet according to two-way ANOVA (F (2, 192) = 24.15; p <
0.0001), with a genotype effect trending but not significant (F (2, 192) = 3.041; p =
0.0501) (Fig. 4 C). Multiple Comparison Analysis (Fisher LSD Test) identifies within
genotype or within diet changes, with only significant differences between diets or
between genotypes shown in Fig. 4 C. Between FO flies expressing Luciferase-RNAI,
there is only a trending increase in TAG content when comparing ND and HSD, while
HFD leads to an increased TAG content (p < 0.0001) (Fig. 4 C). HSD leads to a
significant increase in TAG content in FO males expressing Rab717- and Hrs-RNAi
compared to ND (p = 0.0345 and p = 0.0104, respectively). Notably, after HFD
exposure, Hrs-RNAi has a smaller increase in TAG compared to Rab11-RNAi (p =
0.0343 and p = 0.0157, respectively) and Luciferase-RNAi (Fig. 4 C). Overall, exposure
to HSD and HFD causes increases in the TAG content of FO male flies.

Investigation of fecundity under changing dietary conditions shows that there is no
significant effect of either genotype or diet on the amount of eggs laid by female partners
after mating with single FO males post dietary exposure (Fig. 4 D).

Therefore, HSD and HFD dietary interventions on male FO lead to differing changes in
their body weight and TAG content, but have no effect on their fecundity. The dietary
effects follow similar directions between the control and EV depleted models, with no
strong genotype effect observable. Furthermore, under ND there are no significant
changes between the three genotypes expressing RNAis under dve-Gal4 control (Fig.
4).
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Fig. 4: Body composition and fecundity analysis of 10-day old adult male FO flies
expressing Luciferase-RNAi, Rab11-RNAi and Hrs-RNAi under dve-Gal4 control post
exposure to ND (black), HSD (purple) or HFD (red). Schematic diagram displays FO
dietary exposure, F1 generation and analysis procedures of this study (A). Z-
standardised data of FO body weight (B, n > 12), TAG content (C, n > 13), and number
of eggs laid by female partners (D, n > 13) post dietary exposures are depicted in the
bar graphs showing mean + SD (individual data points are superimposed). Statistical
significance was calculated with a two-way ANOVA (Fisher LSD Test; ns p > 0.05, * p <
0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001), with the significance within-genotype or
within-diet comparison shown here. ND = normal diet, HSD = high sugar diet, HFD =
high fat diet. Schematic diagram (A) is created with Biorender.com
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3.3 In vivo analysis of the impact of EVs secreted by somatic cells of the reproductive
tract on offspring phenotypic outcome in Drosophila melanogaster

In order to analyse the impact of EVs secreted by somatic cells of the reproductive tract

on the phenotypic changes in the next generation and the role of EVs as a potential

mediator of intergenerational effects, male and female offspring were generated from the

above established male FO lines expressing RNAis under dve-Gal4 control exposed to

dietary interventions (Fig. 4 A).

3.3.1 Body composition analysis of F1 offspring derived from FO male Drosophila
melanogaster expressing RNAi under dve-Gal4 control exposed to dietary
interventions

Similar to their fathers, male and female F1 offspring of the Drosophila melanogaster

expressing Luciferase-RNAi, Rab11-RNAi and Hrs-RNAi were analysed for effects on

their body weight and TAG content as a readout for body composition (Fig. 5).

Two-way ANOVA shows an overall effect of paternal diet on the F1 female body weight

(F (2, 145) = 29.23; p < 0.0001), with no observable effect from the paternal genotype (F

(2, 145) = 1.260; p = 0.2867) (Fig. 5 A). Based on post hoc multiple comparison analysis

(Fisher LSD test), female F1 offspring derived from FO males expressing Luciferase-

RNAi under dve-Gal4 control have a trending increase in their body weight under

paternal HSD (p = 0.0518) and a significant decrease in their body weight under

paternal HFD (p = 0.0183) (Fig. 5 A). This pattern is also observed with the female F1
offspring derived from male FO flies expressing Rab17- and Hrs-RNAi under dve-Gal4
control. Under paternal HSD, the body weight of female F1 offspring from both Rab11-
and Hrs-RNAI fathers increase significantly (p = 0.0150 and p = 0.0010, respectively),
while under paternal HFD there is a significant decrease in body weight (p = 0.0188 and

p = 0.0070, respectively) (Fig. 5 A). Of note, no significant difference is observable in the

female offspring body weight between the paternal genotypes under any paternal dietary

condition (Fig. 5 A).
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Fig. 5: Body composition of 5-day-old male and female F1 offspring derived from male
FO flies expressing Luciferase-RNAi, Rab11-RNAi and Hrs-RNAi under dve-Gal4 control
exposed to dietary interventions. Paternal dietary interventions include ND (black), HSD
(purple) or HFD (red). Body weight and TAG content for F1 females (A (n > 9) and B (n
> 12), respectively) and for F1 males (C (n > 12) and D (n > 13), respectively) are shown
normalised to z-score. Graphs depict bar plots with mean + SD (individual data points
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superimposed). Statistical significance is determined using two-way ANOVA (Fisher
LSD Test: ns p > 0.05, * p < 0.05, ** p < 0.01, *™* p < 0.001, **** p < 0.0001), with only
the significance from within paternal genotype or within paternal diet comparison shown
here.

TAG content from female F1 offspring is affected primarily by paternal diet as identified
by two-way ANOVA (F (2, 147) = 9.102; p = 0.0002), with no significant effect coming
from paternal genotype (F (2, 147) = 2.524; p = 0.0836) (Fig. 5 B). According to post hoc
multiple comparison (Fisher LSD test), no significant differences are observed in the
TAG content of the female F1 offspring between the three paternal genotypes under any
dietary condition. Post hoc analysis within the paternal genotypes show no significant
changes to the TAG content of female F1 offspring derived from FO males expressing
Luciferase-RNAi under dve-Gal4 control caused by paternal HSD and HFD compared to
paternal ND (p = 0.1704 and p = 0.1120, respectively) (Fig. 5 B). In contrast, the female
F1 offspring from Rab11-RNAi fathers show a significant decrease in TAG content under
paternal HFD when compared to both paternal ND and HSD (p = 0.0097 and p =
0.0067, respectively) (Fig. 5 B). The female F1 offspring derived from the Hrs-RNAi FO
genotype under paternal HSD and HFD lead to no significant changes in TAG content
compared to paternal ND (p = 0.4086 and p = 0.1957) (Fig. 5 B). Although statistical
significance is not reached, the pattern of these observations mirrors the findings in the
female F1 body weight.

In summary, this data indicates that paternal diet causes an intergenerational effect on
the body weight of their young adult female offspring, which is diet-dependent in its
directionality, but not influenced by the paternal expression of Rab171-RNAi or Hrs-RNAi
under dve-Gal4 control (Fig. 5 A and B).

The body weight of F1 males indicates an interaction between paternal genotype and
paternal diet by two-way ANOVA (F (4, 143) = 5.072; p = 0.0008) (Fig. 5 C). Post hoc
multiple comparison analysis (Fisher LSD test) shows a trending decrease in body
weight under paternal ND when comparing male F1 offspring from FO males expressing
Luciferase-RNAi and Hrs-RNAi under dve-Gal4 control (p = 0.0729), suggesting an
effect from the paternal expression of Hrs-RNAi under dve-Gal4 (Fig. 5 C). No significant
body weight differences are identified between male F1 offspring from Luciferase-RNAi
and Rab11-RNA:i fathers (p = 0.6901) (Fig. 5 C). Comparing the paternal dietary effects
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within the individual paternal genotypes, post hoc analysis demonstrates that paternal
HSD causes a trending increase in the body weight of young adult F1 males from
fathers expressing Luciferase-RNAi under dve-Gal4 control (p = 0.0746). In contrast,
paternal HFD leads to a significant decrease in the body weight in male Luciferase-RNAi
offspring when compared to paternal HSD (p = 0.0059) (Fig. 5 C). This observed pattern
is similar to the female F1 body weight although much less prominent. Comparatively,
the body weight of male F1 derived from FO flies expressing Rab171-RNAi under dve-
Gal4 control shows no difference between the paternal dietary exposures (Fig. 5 C). In
contrast, under paternal HSD the F1 males from Hrs-RNAi fathers show a significant
decrease in body weight compared to paternal ND and paternal HFD (p = 0.0026 and p
= 0.0022, respectively). This observed decrease is significantly different in both strength
and directionality to the body weights of male F1 derived from FO males expressing both
Luciferase- and Rab11-RNAi under the same dietary regime (both p < 0.0001) (Fig. 5
C). These results indicate effects on the young adult male F1 body weight caused by the

expression of Hrs-RNAi under dve-Gal4 control in FO males.

With regards to the male F1 TAG content, a notable trending interaction between
paternal genotype and paternal diet is visible based on two-way ANOVA (F (4, 155) =
2.212; p = 0.0702) (Fig. 5 D). The effects of paternal genotype (F (2, 155) = 4.820; p =
0.0093) and paternal diet (F (2, 155) = 11.34; p < 0.0001) are significant for the male F1
TAG content (Fig. 5 D). Under paternal ND, post hoc multiple comparison analysis
shows a significant increase in the TAG content of male F1 flies derived from FO males
expressing Hrs-RNAi under dve-Gal4 control compared to the male F1 from Luciferase-
RNA:I fathers (p = 0.0126), suggesting an effect of the paternal expression of Hrs-RNAI.
This pattern is similarly observed under paternal HFD with a significant increase seen in
male offspring from Hrs-RNAIi fathers compared to Luciferase- and Rab11-RNAi paternal
genotypes (p = 0.0044 and p = 0.0018, respectively) (Fig. 5 D). When addressing the
paternal dietary interventions within each paternal genotype, a significant increase in
TAG content is seen in F1 males from Luciferase-RNAi expressing FO under paternal
HFD compared to the paternal ND condition (p = 0.0276) (Fig. 5 D). Although only
trending, there is an increase in TAG content under paternal HFD in male F1 from
fathers expressing Rab171-RNAi under dve-Gal4 control, similar to Luciferase-RNAI,
when compared to paternal HSD (p = 0.0574) (Fig. 5 D). Within the Hrs-RNAi paternal



50

genotype, male F1 show a significant increase in TAG content under paternal HFD
compared to paternal ND (p = 0.0008) (Fig. 5 D). Additionally, paternal HSD leads to a
significant decreased TAG content in male F1 from Hrs-RNAi when compared to
paternal ND and HFD (p = 0.0362 and p < 0.0001, respectively) (Fig. 5 D).

In summary, body weight and TAG content changes in F1 males reveal diet specific
intergenerational effects in both directionality and strength (Fig. 5 C and D). Notably,
contrary to female F1, paternal genotype influences these phenotypic differences of the
male F1 offspring, with the paternal expression of Hrs-RNAi under dve-Gal4 control
already leading to changes in body weight and TAG without paternal dietary
interventions (Fig. 5 C and D).

3.3.2 Lifespan analysis of F1 offspring from male FO expressing RNAi under dve-Gal4
control exposed to dietary interventions

Lifespan analysis of male and female offspring was carried out to evaluate long-term
paternal genotype effects on the offspring from male FO expressing RNAis under dve-
Gal4 control exposed to dietary interventions.

Female F1 from Luciferase-RNAi fathers exposed to ND show a median survival of 49
days, while the female offspring from Rab17-RNAi and Hrs-RNAi expressing FO males
under the same paternal dietary condition have a median survival of 54 days and 56
days, respectively (Fig. 6 A). Log-rank (Mantel-Cox) test indicates a significant
difference in the female F1 survival curves of the three paternal genotypes under
paternal ND (p < 0.0001) (Fig. 6 A). A significant increase is identified in the curves
when comparing female offspring of both Rab7171-RNAi and Hrs-RNAi fathers to
Luciferase-RNAi female offspring (p = 0.0225 and p < 0.0001, respectively).
Investigation of paternal dietary effects shows that the median survival of female
offspring from male FO flies exposed to HSD is 49 days for Luciferase-RNAI, 48 days for
female F1 from Rab11-RNAi and 47 days for female F1 from Hrs-RNAi fathers (Fig. 6
B), with no significant difference observable in the female offspring survival rate between
any of the paternal genotypes exposed to HSD (p = 0.1922) (Fig. 6 B). Under paternal
HFD, female F1 from FO males expressing Luciferase-RNAi show a median survival of
52 days, while female F1 from Rab171-RNAi and Hrs-RNAi fathers show a median

survival of 51 and 55 days, respectively (Fig. 6 C). Comparatively, there is a significant
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difference in the survival curves in paternal HFD between all the three paternal
genotypes (p = 0.0158) (Fig. 6 C). A statistical significant difference is identified between
Luciferase- and Rab11-RNAi female offspring (p = 0.0067), as well as between
Luciferase- and Hrs-RNAI offspring (p = 0.0239), although these observed changes in
Fig. 6 C are comparatively small compared to Fig 6 A. Overall, long-term effects on the
lifespan of female offspring are caused by the paternal expression of Rab171-RNAi and

Hrs-RNAi under dve-Gal4 control under paternal ND.
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Fig. 6: F1 offspring survival curves from FO fathers expressing Luciferase-RNAi, Rab11-
RNAI and Hrs-RNAi under dve-Gal4 control exposed to dietary interventions. Female F1
survival curves compare the effect of paternal genotypes based on paternal ND (A),
paternal HSD (B) and paternal HFD (C). Survival curves of male F1 offspring depict the
effect of paternal genotype under paternal ND (D), paternal HSD (E) and paternal HFD
(F). Survival curves are plotted using Kaplan-Meier method. Statistical significance for
lifespan data is analysed using the Log-rank (Mantel-Cox) test: ns p > 0.05, * p < 0.05, **
p < 0.01, ** p <0.001, *™** p < 0.0001; n > 100. ND = normal diet, HSD = high sugar
diet, HFD = high fat diet.
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Male offspring from male FO flies expressing Luciferase-RNAi under dve-Gal4 control
exposed to ND have a median survival of 47 days, while male F1 from Rab17-RNAi and
Hrs-RNAI fathers show a median survival of 43 days and 44 days, respectively (Fig. 6
D). Paternal ND leads to no significant difference in the lifespan curves of male F1 from
the three FO genotypes (p = 0.1299), with only a trending difference between Luciferase-
RNAi and Rab11-RNA:i offspring (p = 0.0637) (Fig. 6 D).

After paternal exposure to HSD, the median survival of the male F1 offspring from male
FO is 45 days for Luciferase-RNAI, 35 days for male F1 from Rab171-RNAi fathers and 46
days for male F1 from Hrs-RNAi fathers (Fig. 6 E). Paternal HFD leads to a median
survival of 43 days in male F1 offspring from FO males expressing Luciferase-RNAi
under dve-Gal4 control, 31 days in male F1 from Rab171-RNAi and 46 days in male F1
from Hrs-RNAI fathers (Fig. 6 F). Both paternal HSD (Fig. 6 E) and paternal HFD (Fig. 6
F) cause strong significant decreases in the survival curves of male F1 from male FO
expressing Rab717-RNAi under dve-Gal4 control (p < 0.0001), with no significant
differences observed between Luciferase-RNAi and Hrs-RNAi male offspring. Overall,
the combination of paternal expression of Rab17-RNAi under dve-Gal4 control and

paternal dietary exposures causes a significant decrease in the male F1 lifespan.

3.3.3 Gene expression analysis of young and older adult F1 offspring from male FO
expressing Hrs-RNAi under dve-Gal4 control
As changes to the phenotypic outcome of offspring have been indicated in male and
female F1 from fathers expressing Hrs-RNAi under dve-Gal4 control exposed to ND,
whole body mRNA sequencing of young and older adult flies was carried out to analyse
paternal genotype effects (Fig. 7). Gene expression analysis was carried out comparing
offspring from male FO expressing Hrs-RNAi and Luciferase-RNAi exposed to ND.
Following the pattern observed in phenotypic findings, only 1 significantly downregulated
DEG (FDR < 0.05) is identified in young adult female F1 offspring (Fig. 7 A), whereas
older adult female F1 reveal 4 significant DEG (FDR < 0.05) and 21 genes with FDR <
0.1 (Fig. 7 B). As most of these genes are currently undescribed protein coding genes
according to ‘Flybase’ (FB2022_05), no pathways or potential mechanisms can be

currently identified (Gramates et al., 2022).
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Young adult male F1 offspring from FO males expressing Hrs-RNAi under dve-Gal4
control reveal 145 significant DEG genes (FDR < 0.05) (Fig. 7 C), with older adult F1
males having no significant changes in their gene expression (Fig. 7 D). GO analysis
(PANTHER, FDR < 0.05) identifies 5 enriched biological processes from the 81
significant upregulated genes of the young adult male offspring from Hrs-RNAI fathers,
including ‘cytoplasmic translation’ (GO:0002181) and ‘peptide biosynthetic process’
(G0O:0043043) (Fig. 7 E). For the 64 significantly downregulated genes, 95 biological
processes were predicted, with ‘axon extension’ (GO:0048675) and ‘neuron projection
extension’ (GO:1990138) among the highest fold enrichment (Fig. 7 F). These findings
match the sex- and age-specific observations from the phenotypic data of both male and

female offspring from FO males expressing Hrs-RNAi exposed to ND.
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Fig. 7: mRNA sequencing analysis of young and older adult F1 from FO males
expressing Hrs-RNAi under dve-Gal4 control exposed to ND. Gene expression of young
(A) and older (B) adult female F1 from FO fathers expressing Hrs-RNAi compared to
Luciferase-RNAi under dve-Gal4 control exposed to ND are shown. Genes with FDR <
0.1 of older adult female F1 are listed based on FDR (B). Differentially expressed genes
in young (C) and older (D) adult male F1 flies from paternal genotypes expressing Hrs-
RNAI are compared to Luciferase-RNAi under dve-Gal4 control. Gene expression based
on fold change and adjusted p-value is displayed in volcano plots on a logarithmic scale
(FDR < 0.05). Significantly enriched biological processes are identified using GO
analysis for the significant upregulated (E) and downregulated (F) DEG of young adult
F1 males (PANTHER; FDR < 0.05). Young adult: 5 days old; Older adult: males, 3
weeks old and females, 4 weeks old. GO = gene ontology; DEG = differentially
expressed genes; ND = normal diet.
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3.3.4 Gene expression analysis of older adult male F1 offspring from male FO
expressing Rab11-RNAi under dve-Gal4 control exposed to HSD and HFD
To investigate the paternal dietary effects observed in the male F1 lifespan from FO
fathers expressing Rab17-RNAi under dve-Gal4 control, mMRNA sequencing was carried
out on older adult male F1 (3 weeks old) from Rab171-RNAi and Luciferase-RNAI fathers
exposed to HSD and HFD (Fig. 8).
No significant DEG are identified in older adult male F1 offspring from Rab171-RNAi
fathers under paternal ND (not shown here). Paternal HFD leads to 103 significant DEG
in older adult Rab171-RNAi offspring compared to Luciferase-RNAi offspring, with 62
upregulated and 41 downregulated genes (FDR < 0.05) (Fig. 8 A). No biological
processes are identified using GO analysis (PANTHER, FDR < 0.05), however ‘ion
binding’ (GO:0043167) is predicted as an enriched molecular function.
Under paternal HSD, older adult male offspring from FO males expressing Rab11-RNAi
reveal 2304 significantly DEG (FDR < 0.05) (Fig. 8 B). GO analysis identified 531
significantly enriched biological processes from the 2178 upregulated genes, with
‘synaptic target attraction’ (GO:0016200), ‘presynaptic membrane organization’
(GO:0097090) and ‘mannose metabolic process’ (G0O:0006013), among the top 10
based on fold enrichment (Fig. 8 C). For the 126 significantly downregulated genes, 6
significant biological processes are predicted including ‘vitelline membrane formation
involved in chorion-containing eggshell formation’ (GO:0007305) with the highest fold
enrichment (Fig. 8 D).
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Fig. 8: mRNA sequencing analysis of older adult F1 males from FO males expressing
Rab11-RNAi under dve-Gal4 control exposed to HFD and HSD. Gene expression of
older adult F1 from FO fathers expressing Rab171-RNAi is compared to FO expressing
Luciferase-RNAi under dve-Gal4 control exposed to paternal HFD (A) and HSD (B).
Gene expression based in fold change and adjusted p-value are shown in volcano plots
on a logarithmic scale (FDR < 0.05). Significantly enriched biological processes are
identified using GO analysis for the significant upregulated (C) and downregulated (D)
DEG of older adult F1 males from FO males expressing Rab171-RNAi under dve-Gal4
control exposed HSD (PANTHER; FDR < 0.05). Older adult: males, 3 weeks. GO =
gene ontology; DEG = differentially expressed genes; HFD = high fat diet; HSD = high
sugar diet. Age of older adult males = 3 weeks (before lifespan drop off).

Of note, 35 significant DEG genes overlap between older adult male offspring from
Rab11-RNAi exposed to HSD and HFD, with 27 similar in directionality (Tab. 9). As
more than half of these overlapping genes are currently undescribed protein coding
genes according to ‘Flybase’ (FB2022_05), no common pathways are currently identified
(Gramates et al., 2022).



57

Tab. 9: List of overlapping significant DEG between older adult male F1 from FO males
expressing Rab11-RNAi under dve-Gal4 control exposed to HSD and HFD. Red =
upregulated; Green = downregulated.

logFoldChange (FDR < 0.05)

Overlapping sigDEG HSD HFD
CG14866 6.14949 -0.00035
Pkn 4.53384 2.62524
IncRNA:CR43652 4.46416 -0.00049
CG17107 3.71422 2.36264
bond 3.37836 1.83326
CG8303 3.03367 -3.03651
Nab2 2.56986 -4.08768
CG32023 2.56309 1.45554
CG16758 2.49347 1.39509
Lsp1beta 2.41667 3.02188
CG10934 2.37422 1.70919
Cyp309a1 2.35850 1.10157
Usp8 2.33063 1.69174
AANATL3 2.23986 1.28715
CG6218 2.22441 -0.00051
CG7296 2.15122 1.14424
CG45050 2.12492 -0.00047
CG34166 211214 1.80691
Dlish 2.02769 1.81898
Strn-Mick 1.99379 -0.00057
LManlll 1.91538 1.67512
Cyp9b1 1.81597 1.10152
Gprk1 1.74306 1.67568
CG8468 1.70094 -0.00048
CG9498 1.53576 1.14463
CG15282 1.50497 1.34984
CG9331 1.49494 0.64831
Su(z)2 1.47397 0.97511
Psn 1.44311 0.96008
CG13905 1.41541 1.81815
Mcm3 1.30345 1.33832
hgo 1.22446 1.14279
Nacalpha 1.09782 0.55698
SNF4Agamma 1.08709 0.46731
Tep4 0.81356 0.56317
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4. Discussion

The ‘Weismann barrier hypothesises that heritable information cannot be transmitted
from somatic cells to germ cells, suggesting that paternal experiences do not change the
phenotypic outcome of the next generation (Weismann, 1893). However, multiple human
and animal studies show that paternal physiological and psychological conditions can
affect not only the generation experiencing them, but also their descendants (Camilleri-
Carter et al., 2019, Crean and Bonduriansky, 2014, Dimofski et al., 2021 and others
given above in the Introduction). These intergenerational effects range from changes in
body weight or reproductive success to increased risk of mortality from cancers,
metabolic and cardiovascular disorders (Camilleri-Carter et al., 2019, Crean and
Bonduriansky, 2014, Dimofski et al., 2021 and others given above in the Introduction).
While changes to the sperm epigenome have been identified as one of the molecular
mechanisms causing intergenerational effects (Champroux et al., 2018, Fitz-James and
Cavalli, 2022, Ghai and Kader, 2022), how paternal experiences are transmitted from
the somatic level to the germline is still unclear.

One hypothesis is that extracellular vesicles (EVs) transmit somatic cell-derived
information to germ cells and cause the inherited characteristics in the next generations
(Conine and Rando, 2022, Eaton et al., 2015, Smythies et al., 2014). These small
membrane-bound particles act as communicators in both health and disease due to their
capability to carry various cargos such as DNA, proteins and RNA species (Kalluri and
LeBleu, 2020, Kalra et al., 2016, Maas et al., 2017). To date, only indirect evidence from
mostly in vitro and a few in vivo studies suggest the role that EVs derived from somatic
cells of the reproductive tract play in the transmission of paternal intergenerational
effects (Al-Dossary et al., 2015, Chan et al., 2020, Foot et al., 2021, Martin-DelLeon,
2015, Nixon et al., 2019, Park et al., 2011, Schwarz et al., 2013, Sharma et al., 2018,
Simon et al., 2018 and others as given above in the Introduction).

In this thesis, we aimed to generate an in vivo loss of function model by inhibiting EV
secretion from a somatic cells source in the male reproductive tract. These somatic cell
sources within the reproductive tract were selected in mouse and fly according to the
current published literature (Corrigan et al., 2014, Hsu et al., 2010, Linnemannstdns et

al., 2022, Ostrowski et al., 2010), although other somatic cell sources, even external of
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the male reproductive tract, may play a role in intergenerational effects. For example,
the study by Cossetti et al. (2014) demonstrated in a mouse model that EGFP RNA
expressed in human melanoma cells xenografted into the brain could be found in blood-
derived EVs and in the sperm of these mice. In a more recent study, O'Brien et al.
(2020) similarly injected a virus expressing a specific RNA sequence into the brain of
male mice, which was later detected in a third of the embryos from the fathers. Although
both of these studies provide in vivo evidence for soma to germline communication, the
experimental set-ups included viral injection and xenografting of metastatic cells, which
may use other forms of intercellular communication that do not involve EVs or other
forms of physiological cell-cell communication. This uncertainty is supported by a study
in 2018 who demonstrated that unlike the testis and the epididymis, somatic cells of the
liver did not deliver labelled RNAs to the sperm (Sharma et al., 2018). Therefore, follow
up studies are recommended to repeat similar tracing procedures, but in a wider tissue
range.

In this thesis, after the establishment of an in vivo model with inhibited EV secretion, we
investigated if the inhibited secretion of somatic cell-derived EVs causes changes in the
phenotypic fate of their offspring and, under paternal dietary interventions, if the inhibited

secretion of these EVs leads to changes in the observed intergenerational effects.

4.1 Generation of an in vivo mouse model with inhibited secretion of EVs from the
somatic cells of the male reproductive tract
The epididymis is a tubular tissue that connects the testis with the vas deferens. After
spermatogenesis in the testis, immature spermatocytes travel through the epididymis,
gaining their full functionality and motility during transit (Belleannée, 2015). Studies,
mostly in vitro and a few in vivo, have shown that EVs secreted by epididymal cells
interact with and transfer protein and RNA to them (Frenette et al., 2006, Griffiths et al.,
2008, Martin-DelLeon, 2015, Nixon et al., 2019, Oh et al., 2009, Park et al., 2011, Reilly
et al., 2016, Schwarz et al., 2013, Sharma et al., 2018, Suryawanshi et al., 2012).
Furthermore, epididymal EVs are essential for sperm maturation (Foot et al., 2021) and
both sperm RNA species and the content of EVs secreted by the epididymis have both
been shown to change upon paternal dietary exposures (Alshanbayeva et al., 2021, Natt

et al., 2019). A recent study by Chan et al. (2020) demonstrated that incubation of sperm
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with EVs from treated epididymal cell culture can mimic phenotypic changes in the
offspring in mice through in vitro fertilisation. Due to the extensive research carried out
with this mammalian model system, we aimed to establish a mouse model with
decreased secretion of EVs from the epididymis into the epididymal fluid in order to
investigate the impact of somatic cell-derived EVs on the phenotypic outcome on the
next generation. For this purpose, three transgenic mouse lines with knockouts in
protein targets known to be involved in the EV biogenesis or secretion pathway were

characterised.

4.1.1 Establishment of the EV isolation method using ultracentrifugation

Within the field of EV research, many isolation and characterisation methods are
currently accepted and expected (Théry et al., 2018). While some standardisation has
been attempted with guidelines published by the International Society of Extracellular
Vesicles, the variety of biological fluids, cell type or organism sources under
investigation in EV studies lead to difficulties in establishing a uniform experimental and
analysis pipeline in this field of research (Théry et al., 2018).

In this thesis, we followed the best practices as reviewed by Paul et al. (2021) to
investigate EVs within the epididymal fluid, focusing on the size and protein composition
as means to characterise the EVs. EVs were isolated from the epididymal fluid of mice
using ultracentrifugation (UC) with pre-UC centrifugation steps to remove cell debris.
While this technique has its disadvantages regarding the number and purity of EVs
compared to other methods such as density gradient centrifugation, ultrafiltration or use
of commercial kits (Théry et al., 2018), many published studies analysing EVs within the
epididymal fluid have isolated UC-EVs using this method (Alshanbayeva et al., 2021,
Caballero et al., 2013, Paul et al., 2021, Sharma et al., 2018).

With the protein composition of UC-EV samples containing well-known components of
EVs (i.e., CD9, FLOT1, CD63, and CD81) and the particle size within expected ranges
of EVs (i.e., approximately 100 nm in diameter) (Paul et al., 2021), the UC-EVs obtained
in our study correspond with the current classifications to be identified as EVs. Of note,
other non-classical EV components were also identified within the samples, leading to
the conclusion that while we did indeed isolate EVs, contaminants of other non-EV

structures cannot be ruled out. However, as the declaration of EV and non-EV proteins
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continuously evolves, and proteins such as Apolipoproteins have been identified within
the EV samples from other cell sources (Nikitidou et al., 2017, Pascua-Maestro et al.,
2018), the purity of the UC-EV samples here needs to be additionally assessed using

electron microscopy-based imaging.

For the purpose of this thesis, ultracentrifugation was used to isolate EVs from the
mouse epididymal fluid (UC-EVs) and the analyses of UC-EVs from the mouse model
candidates were carried out by comparing the candidate mouse lines with their
respective controls under the same experimental conditions in order to control for non-

EV contaminants.

4.1.2 Characterisation of three candidate transgenic mouse lines as in vivo models with
inhibited secretion of EVs from the epididymis

To identify a transgenic mouse line with inhibited secretion of EVs from the epididymis
into the epididymal fluid, three candidate mouse lines were investigated. Transgenic
lines targeting Rab35, Rab27a/b and Sytl4 were selected as these targets are known
components of the EV biogenesis or secretion pathway and their knockout has been
shown to lead to inhibited EV secretion in cell culture (Hsu et al., 2010, Ostrowski et al.,
2010). In all three transgenic mouse lines, no differences were identified in UC-EV size
or amounts in this study. There are many explanations for this with the first being that
the endogenous expression level of the targets is not high in the epididymal tissue,
hence, the KO of the target genes did not lead to an effect. However, according to the
Expression Atlas from EMBL-EBI, both Rab27a/b and Sytl4 are highly expressed in the
epididymis (Papatheodorou et al., 2020). While Rab35 is not highly expressed in the
epididymis, but instead in the other organs such as the kidney (Papatheodorou et al.,
2020), the homozygous Rab35flox-Cdh16cre mice were not viable, indicating that the
KO did indeed work, although the lethality is potentially connected to the conditional
expression of Cdh16-cre in the kidney.

The second probable reason why there are no changes in the amount of EVs within the
epididymal fluid of the three transgenic mouse lines is that the selected KO targets are
not essential for EV biogenesis or secretion within the epididymal tissue. The targets
were selected based on published literature, which demonstrates that RAB proteins are

involved in endocytosis and that SYTL4 modulates exocytosis (Hsu et al., 2010,
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Ostrowski et al., 2010). In cell culture models, the KO of these targets inhibits EV
secretion (Hsu et al., 2010, Ostrowski et al., 2010). As the same KO in the epididymis
does not cause similar effects on the EV secretion, other proteins may be essential for
the EV biogenesis or secretion pathways in the epididymis or there are pathways
compensating for the loss of the targeted proteins (Colombo et al., 2014). The findings
from this study highlight the complexity and transferability challenge within the EV field
between cell types and model organisms.

Although the transgenic mouse lines do not show a significant change in the number or
size of EVs, the KO of the targeted proteins could potentially change the EV content. It is
known that EVs carry various RNA species, including mRNA and small non-coding RNA.
In this study, the mRNA content of the UC-EVs from Rab35flox-Cdh16cre and
Rab27DKO mice was analysed. Follow up studies are recommended to also investigate
the small RNA, as this analysis was not within the scope of this study due to technical
reasons.

While there were no significant differentially expressed genes (DEG) in the UC-EVs from
Rab35-het mice, Rab27b was non-significantly downregulated indicating that there may
be a connection between the expressed Rab35 within epididymal cells and the
packaging of Rab27b mRNA into EVs. Therefore, it is necessary to investigate this
finding further for example by analysing changes in Rab27b expression in the
epididymal tissue.

In the Rab27DKO mouse line, gene ontology analysis identified many biological
processes connected with sperm motility in the significantly upregulated DEG of UC-EV
samples. This is of interest as EVs have been suggested to play a role in the sperm
maturation process based on mostly in vitro evidence (Al-Dossary et al., 2015, Chan et
al., 2020, Foot et al., 2021, Griffiths et al., 2008, Martin-DelLeon, 2015, Nixon et al.,
2019, Reilly et al., 2016, Sharma et al., 2018, Simon et al., 2018 and others given above
in the Introduction). To date, only Foot et al. (2021) have shown evidence of this role of
EVs in an in vivo environment by inhibiting the secretion of Arrdc4-dependent EVs from
the epididymis disrupting sperm motility and fertilisation capabilities. In this thesis, we
are the first to demonstrate that the mRNA content of EVs secreted by the epididymis
may be one of the factors to influence the sperm maturation process, particularly sperm

motility. It is important to note here that the Rab27DKO line remained fertile, indicating
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that Rab27a and b KO in the epididymis did not cause pernicious effects to the germ

cells. Follow up studies are recommended to investigate the sperm motility of this line.

As all three candidate mouse lines showed no decreased number of EVs in the
epididymal fluid, these lines are not suitable as in vivo models for the inhibited secretion
of EVs from somatic cells within the reproductive tract. Only the Rab27DKO line
demonstrated changes to the mRNA content of EVs within the epididymal fluid.
However, as this line contains a global KO of Rab27a and Rab27b, any experiments
carried out investigating the phenotypic outcome of the next generation through paternal
exposures, e.g. diets could be affected by the global system change (including Rab27 in
spermatogenic cell lineages).

Follow up studies are recommended to generate and investigate mouse lines targeting
alternative EV pathway components, such as Rab11. For this purpose, a line with a KO
of Rab11 specifically in the epididymis needs to be established. This will ensure that
future studies do not include confounding factors such as the influence of other organs

and can include suitable corresponding controls.

4.2 Investigation of the impact of EVs secreted by somatic cells of the male
reproductive tract on the phenotypic outcome of the next generation in Drosophila
melanogaster

As establishing a mammalian model with inhibited secretion of EVs within the male

reproductive tract remains challenging, we generated a Drosophila melanogaster model

using the UAS-Gal4 system. The accessory gland (AG) is a prostate-like secretory

organ that produces most components of the seminal fluid (Wilson et al., 2017).

Previous studies have demonstrated that EVs are secreted by secondary cells (SCs)

within the AG and are transported to the female reproductive tract upon mating where

they interact with sperm (Corrigan et al., 2014, Wilson et al., 2017). The conserved

pathways between Drosophila melanogaster and mammals (Eickelberg et al., 2022),

added to the number of published studies on EVs (Beckett et al., 2013, Beer and

Wehman, 2017, Fan et al., 2020, Gross et al., 2012, van Niel and Théry, 2020) and

paternal inter- and transgenerational effects in Drosophila melanogaster (Camilleri-

Carter et al., 2019, Dew-Budd et al., 2016, Emborski and Mikheyev, 2019, Guida et al.,

2019, Zajitschek et al., 2017), provided strong grounds to investigate the impact of EVs
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from somatic cells on the phenotypic outcome of the next generation using the

Drosophila Melanogaster model system.

4.2.1 CD63-GFP is used as a marker for EVs secreted by SCs in the Drosophila
melanogaster AG lumen

CD63 is a well-known marker for EVs within many biological fluids and a variety of
model organisms (Théry et al., 2018). In this thesis, human CD63-GFP was expressed
within somatic cells of the male reproductive tract to label EVs using the UAS-Gal4
system as described by Corrigan et al. (2014). The Drosophila melanogaster line
expressing CD63-GFP was first published by Panakova et al. (2005) and has since been
used in multiple studies to investigate the endosomal system (Ma et al., 2022,
Mezzofanti et al., 2019, Shibata et al., 2017). Labelled expression of CD63 with GFP or
other tags has been used as an EV marker in multiple studies in a variety of different
Drosophila melanogaster tissues, such as the male reproductive tract (Corrigan et al.,
2014, Dar et al., 2021, Fan et al., 2020), the female reproductive tract (Sanchez-Lopez
et al., 2022), the adult wing (Gross et al., 2012) and larval fat body (Linnemannstons et
al., 2022). Corrigan et al. (2014) and this study show that targeting known components
of the EV secretion or biogenesis pathway using genetic manipulations, such as RNAIs,
inhibit the secretion of CD63-GFP puncta visibility within a given biological fluid.

It is important to note here that CD63 is not an endogenous gene in Drosophila
melanogaster. In a study in 2013, Beckett et al. (2013) carried out mass spectrometry to
identify the protein composition of EVs isolated from S2 tub-Wg cells. Within this in vitro
dataset, 2 tetraspanins were identified: Tsp42Ee and Tsp42Ef (Beckett et al., 2013). The
fly genetics database ‘Flybase’ (via DIOPT v8.0) describes Tsp42Ee as an orthologue of
CD63 and TSPANS3 for human and other model organisms (Gramates et al., 2022).
Furthermore, Ma et al. (2022) demonstrated that mammalian CD63 and fly Tsp29Fa are
functionally conserved. Based on this information, CD63-GFP is a good candidate as a
marker to visualise EVs within Drosophila melanogaster.

If technically possible, EV analysis in Drosophila melanogaster would follow the same
guidelines as for other experimental organisms (Théry et al., 2018). This includes
isolation of EVs from the AG lumen, visualisation and quantification by e.g. NTA and

EM, and additional molecular characterisation by their protein or RNA composition. Due



65

to the minute amount of fluid obtainable from the AG lumen containing EVs, these
recommended characterisation steps are technically challenging and therefore, were not
possible at the time of this study.

Hence, two possible follow up studies are recommended here. The first is to isolate the
seminal fluid containing CD63-GFP puncta within the AG lumen in the same way as
sperm is isolated and analysed from the male Drosophila melanogaster reproductive
tract. This would entail dissecting the AG tissue and collecting the AG fluid contents in
PBS. However, this method is technically challenging since from the whole adult body
only 1 yl hemolymph is attained from 50 to 100 flies (Piyankarage et al., 2012). Due to
the small amount of fluid within the AG lumen and the fact that EVs only contribute a
minor part to this luminal fluid, the number of flies needed for EV analysis would likely be
in the thousands, which would probably make this invertebrate model not feasible.

The second recommended method to analyse the EVs within the AG lumen would be to
characterise the seminal fluid protein composition. As described by Sepil et al. (2019),
AG luminal fluid contents, such as EVs, can be analysed by comparing the proteome of
the whole AG premating (i.e. containing seminal fluid and EVs) and post-mating (i.e.
empty of seminal fluid and EVs). Therefore, additional analysis can be carried out
comparing this proteomic data to the female reproductive tract premating (i.e., without
seminal fluid) and post-mating (i.e., containing seminal fluid) (Sepil et al., 2019).
Through this quantitative and qualitative comparative analysis, EVs and other seminal
fluid protein components can be analysed in the AG lumen of Drosophila melanogaster.
To express CD63-GFP specifically in SCs within the AG lumen, the dve-Gal4 driver was
selected as it is the least detrimental and most effective driver currently available.
Although dve is expressed in both SCs and in the midgut (Krause et al.,, 2022),
potentially causing confounding effects, other gal4 lines used in other publications are
unsuitable. Published SC-specific drivers such as esg-Gal4, dsx-Gal4, iab-Gal4 and prd-
Gal4 either express in other organs such as the gut, brain, salivary gland, or the entire
AG structure (Corrigan et al., 2014, Dar et al., 2021, Gligorov et al., 2013, Leiblich et al.,
2012, Minami et al., 2012, Prince et al., 2019) and therefore, made them unsuitable for
this particular study.

Under dve-Gal4 control three selected RNAis targeting components known to be

involved in the EV biogenesis or secretion pathway were expressed specifically in SCs
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within the male reproductive tract. An RNAI line targeting Luciferase, a firefly gene, was
used as the control. The expression of Alix-RNAi, Rab11-RNAi and Hrs-RNAi under dve-
Gal4 control resulted in varying changes in the number of CD63-GFP puncta secreted
by SCs into the AG lumen. Previous publications have demonstrated that Alix is
essential for the formation of ILVs and targeted inhibition of Alix leads to changes to the
EV secretion (Baietti et al., 2012, Corrigan et al., 2014, Sanchez-Lopez et al., 2022). In
this study the expression of Alix-RNAi in SCs did not lead to decreased amounts of
CD63-GFP puncta in the AG lumen. This is possibly caused by basic experimental
issues due to the functionality of the RNAi and the expression strength of the gal4 driver
component. Another cause could be the complexity and diversity of EV secretion and
biogenesis pathways in different cell types, resulting in the lack of transferability between
model organisms.

Expressing the other two selected RNAIis targeting Rab171 and Hrs under dve-Gal4
control successfully decreased the number of CD63-GFP puncta secreted by SCs into
the AG lumen, as previously published (Corrigan et al., 2014, Sanchez-Lopez et al.,
2022). Although the expression of Rab171-RNAi under dve-Gal4 control resulted in the
highest decrease of CD63-GFP puncta within the AG lumen among the three RNAI
candidates, other effects were observed in these flies. These included the disruption of
the intraluminal space within the SCs and a significant decrease in lifespan, which were
not seen in the line expressing Hrs-RNAi under dve-Gal4 control.

Based on current literature, Rab11 plays an essential role in EV secretion and
biogenesis, particularly in the vesicle recycling pathway in multiple cell types, such as
the Drosophila S2 cells (Beckett et al., 2013, Blanc and Vidal, 2018, Savina et al., 2002).
As a component of ESCRT 0 complex, Hrs has been demonstrated to be required for
EV biogenesis and secretion in both mammals and flies (Colombo et al., 2013, Corrigan
et al., 2014, Gross et al., 2012, Tamai et al., 2010). The differing effects of the number of
CD63-GFP puncta secreted by SCs into the AG lumen, on the SC intraluminal structure,
and on the lifespan between the lines expressing Rab171-RNAi and Hrs-RNAi under dve-
Gal4 control may be explained by the fact that Rab77 and Hrs are components of
different EV pathways. This suggests that different EV biogenesis or secretion pathways
may be affected by Rab17-RNAi and Hrs-RNAi expression under dve-Gal4 control in the
SCs.
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Although the Rab171-RNAi flies are shown in this study to experience detrimental
lifespan changes indicating potential confounding effects, the expression of Rab17-RNAi
causes the strongest inhibited secretion of CD63-GFP puncta by SCs into the AG
lumen. Therefore, in this study the investigation of the impact of EVs secreted by
somatic cells of the male reproductive tract on the next generation was carried out with
both Rab11-RNAi and Hrs-RNAi as both cause the inhibited secretion of CD63-GFP
puncta by SCs into the AG lumen but to different levels and with possibly different EV

pathways affected.

4.2.2 FO body composition and fecundity are not changed by the expression of RNAI
lines under dve-Gal4 control, but by dietary exposures

Male FO flies expressing Rab171-RNAi, Hrs-RNAI, and Luciferase-RNAi under dve-Gal4
control were exposed to a 30 % high sugar diet (HSD) or a 30 % high fat diet (HFD).
These diets have been shown in previous publications to cause phenotypic changes in
the exposed animals and to cause intergenerational effects (Camilleri-Carter et al.,
2019, Eickelberg et al., 2022).

Effects resulting from the genotype and dietary exposure were analysed for the FO flies.
Common readouts for body composition, body weight and TAG content demonstrated
that the expression of Rab171-RNAi and Hrs-RNAi under dve-Gal4 control do not cause
overall genotype effects under the tested dietary conditions. Similar to previous
publications, phenotypic changes to the male FO flies are caused by dietary exposure
(Eickelberg et al., 2022, Tennessen et al., 2014). The body weight of FO flies is found to
be changed in a diet-dependent way. Exposure to HSD causes a decrease in body
weight in all three FO lines. A possible explanation for this is dehydration, as a recent
study published by van Dam et al. (2020) demonstrated that detrimental effects of HSD
on the lifespan could be reversed if given access to water. Under HFD, body weight
increases as previously described (Eickelberg et al.,, 2022, Tennessen et al., 2014).
Some of the body weight changes may be explained by the increase in TAG content in
all FO genotypes after dietary exposure, indicating that the excess sugar and fat in the
food is being stored in for example, the fat body (Chatterjee and Perrimon, 2021).

Notably, the expression of Rab17-RNAi and Hrs-RNAi within somatic cells under dve-
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Gal4 control and the exposure to diets with high sugar and high fat content do not cause
any changes to the fecundity of the male FO flies.

These findings lead to the conclusion that the expression of Rab17-RNAi and Hrs-RNAi
under dve-Gal4 control do not cause genotype effects in the body composition and

fecundity as mainly dietary exposures lead to phenotypic changes in the FO.

4.2.3 Sex-specific phenotypic changes are observed in the offspring from male flies
expressing RNAis under dve-Gal4 control exposed to dietary interventions
To determine the role of somatic cell-derived EVs on the phenotypic outcome of the next
generation, F1 offspring were generated from male FO flies expressing Rab17-RNAi and
Hrs-RNAi under dve-Gal4 control exposed to dietary interventions. F1 offspring from
male FO flies expressing Luciferase-RNAi under dve-Gal4 control acted as the controls.
The variety of published intergenerational studies show no clear consensus on what
phenotypic changes occur in the next generation as this is dependent on the type,
concentration, and duration of paternal exposure (Dew-Budd et al., 2016, Emborski and
Mikheyev, 2019, Guida et al., 2019, Ost et al., 2014, Teltumbade et al., 2020, Zajitschek
et al.,, 2017). In this thesis, the body weight, TAG content, lifespan, and whole-body
transcriptomics of adult male and female F1 were analysed to gain a wide overview of
phenotypic readouts. It is important to note here that the selected F1 flies do not carry
the paternal dve-Gal4 and RNAis components and are exposed purely to ND and
therefore, consequently any phenotypic changes observed in the F1 offspring are

derived from paternal genotype and/or dietary effects.

Five-day old young adult female offspring derived from fathers expressing Rab11-RNAi
and Hrs-RNAi under dve-Gal4 control were taken and it was found that their body
composition changes in a paternal diet dependent manner. Paternal HSD causes an
increase in body weight and paternal HFD causes a decrease in body weight. Previous
publications confirm the observed paternal diet dependent body weight changes in the
female F1 (Emborski and Mikheyev, 2019, Guida et al., 2019). This paternal diet
dependent directional change in the female F1 offspring body weight is not affected by
the paternal expression of Rab171-RNAi and Hrs-RNAi under dve-Gal4 control. This
implies that somatic-cell-derived EVs (more specifically, secondary-cell-derived EVs) are

not involved in the paternal-diet-mediated modification of phenotypic outcomes in young
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adult female offspring. Although the female F1 fat content, assessed here by TAG
content, corresponds with the paternal diet dependent directional changes observable in
the body weight and are independent of the paternal genotype, the paternal diet
directional effects appear less strong than for body weight. This finding suggests that
other body composition modifications may be linked to the observable body weight
changes. Body composition is determined by not only fat mass (here analysed by TAG
content), but also factors including bone mass, muscle mass and water retention (Lemos
and Gallagher, 2017). To address whether these factors contribute to the changing body
weight, tissue specific analyses by either FACS analysis or histology are recommended
in future studies to quantify for example, muscle mass.

Although intergenerational effects are caused primarily by paternal dietary interventions
in young adult female flies independent of paternal EV secretion status, the paternal
expression of Rab11-RNAi and Hrs-RNAi under dve-Gal4 control does lead to changes
in the lifespan of their female F1 offspring. This paternal genotype effect is also
dependent on the paternal diet as female offspring of both Rab171-RNAi and Hrs-RNAi
show an increased lifespan compared to female offspring from fathers expressing
Luciferase-RNAi under dve-Gal4 control exposed to ND. However, paternal HSD and
HFD do not lead to major differences in the female F1 lifespan from the three FO
genotypes. RNA sequencing carried out on female F1 offspring from fathers expressing
Hrs-RNAi under dve-Gal4 control confirms these age-dependent observations in the
female F1 Hrs-RNAi offspring. Young adult females from Hrs-RNAi fathers reveal no
paternal genotype dependent gene expression changes under paternal ND,
corresponding with the body composition findings.

To investigate the age-dependent observations, gene expression changes were also
analysed in older female F1 flies (4 weeks old). This analysis time point, just before the
lifespan drops, was selected to avoid survival bias within the dataset. Older female F1
from Hrs-RNAI fathers exposed to ND reveal some significant gene expression changes.
Although only around 20 genes are differentially expressed and most are currently
uncharacterised genes, these findings, added to the lifespan observations, indicate an
age-dependent paternal genotype effect in female F1 offspring stemming from the
paternal expression of RNAis targeting components of the EV pathway in SCs. Follow

up studies are recommended to carry out phenotypic analysis of the older F1 females to
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investigate, which mechanisms could be the cause of the lifespan changes and whether

the observed paternal diet dependent intergenerational effects are long-term.

Young adult male offspring from male FO flies expressing Rab17-RNAi and Hrs-RNAi
reveal paternal diet and paternal genotype dependent phenotypic changes. Although the
body composition changes in a paternal diet dependent manner, paternal genotype
influences some of the observed phenotypic changes. Paternal HSD leads to an
increase in body weight in the male F1 flies from the paternal Luciferase control
genotype similar to the observed effect in the female F1. In comparison, the paternal
expression of Rab11-RNAi under dve-Gal4 control ameliorates this body weight change
while Hrs-RNAI causes a decrease in body weight. The fat content (as assessed here by
TAG content) under paternal HSD does not change in the young adult F1 offspring from
any of the three paternal lines. This indicates that the phenotypic changes in the body
weight are not caused by altered fat storage, but potentially by other contributing factors
to the body composition such as muscle mass or water retention, as discussed similarly
for the female F1 findings (Lemos and Gallagher, 2017). The differing body weight
observations in the young adult male F1 may be explained by the targets of the RNAIs in
the fathers. As described above, Rab11 and Hrs are involved in different EV biogenesis
and secretion pathways (Beckett et al., 2013, Blanc and Vidal, 2018, Colombo et al.,
2013, Colombo et al., 2014, Gross et al., 2012, Savina et al., 2002, Tamai et al., 2010),
consequently different EV types or other cellular mechanisms may be altered by the
expression of the RNAis under dve-Gal4 control. Notably, the observed paternal
genotype effects are primarily diet dependent as they are only observed under paternal
HSD, while paternal HFD causes the same body composition changes in the young
adult male F1 offspring for all three paternal genotypes.

Under paternal ND, both the body weight and fat content of male F1 from Hrs-RNAi
fathers are changed signifying a paternal genotype effect from the paternal expression
of Hrs-RNAI in the fathers under dve-Gal4 control. Gene expression analysis of young
adult male F1 offspring derived from fathers expressing Hrs-RNAi exposed to ND also
identified a number of paternal genotype effects with a significant overrepresentation of
gene ontologies such as protein synthesis and neurogenesis among differentially
expressed genes. Follow up studies are recommended to investigate in particular

changes to the protein synthesis pathway to identify potential mechanisms behind the
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phenotypic changes in the young adult male F1 from fathers expressing Hrs-RNAi under
dve-Gal4. Notably, these effects are not long-term as no differentially expressed genes
were identified in older adult male F1 flies (3 weeks old) from Hrs-RNAi fathers
compared to Luciferase-RNAI fathers. This finding must be followed up with phenotypic
analyses in order to confirm the absence of phenotypic changes.

Paternal genotypes effects are not observed under paternal ND on the lifespan of the
male F1 offspring. Notably, a drastic decrease in lifespan is observed in male F1
offspring from Rab171-RNA/ fathers exposed to HSD and HFD that is not seen in the
female F1. As these sex-specific lifespan changes are not observed under paternal ND
and the offspring from Hrs-RNAI fathers do not display the same lifespan changes under
paternal dietary intervention, the phenotypic effects resulting from the expression of
Rab11-RNAi under dve-Gal4 control in the fathers combined with the dietary
interventions cause the observed survival decreases in the male F1 flies.

Although RNA sequencing revealed no changes in the young adult male F1 from fathers
expressing Rab11-RNAi under dve-Gal4 control, older adult male offspring from Rab11-
fathers revealed significant differentially expressed genes under both paternal HSD and
HFD, corresponding with the lifespan findings. While no enriched biological process
could be identified for the male F1 under paternal HFD, older adult male offspring from
Rab11-RNAi fathers exposed to paternal HSD reveal a wide variety of predicted
pathways, ranging from developmental to signal transduction processes. Notably, 35
genes are similarly differentially expressed between male F1 flies from Rab171-RNAi
fathers exposed to HSD and HFD, with 27 genes following the same directionality. As
many of the differentially expressed genes are currently undescribed protein coding
genes (Gramates et al., 2022), it is challenging to identify potential molecular
mechanisms or pathways that cause the paternal Rab17-RNAi genotype and diet effects
on the male F1 lifespan.

In the FO males, under dve-Gal4 control, Rab11-RNAi is expressed specifically in SCs
within the reproductive tract and also in the cardia, R1 and R4 regions of the Drosophila
melanogaster midgut (Buchon et al., 2013). The expression of Rab171-RNAi in cells of
the midgut could cause in a similar manner disruptions of the intraluminal structures and
inhibited EV secretion as observed in the SCs. Previous publications have investigated

the effects of Rab11 expression and dietary changes in the midgut with a research focus
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on gut microbiome, stem cells, cancers, and inflammation (Bonfini et al., 2021, Nie et al.,
2019, von Frieling et al., 2020, Yu et al.,, 2014, Zhang et al., 2017). Owing to the
observed findings in this thesis and the current literature, we hypothesise that under
dve-Gal4 control Rab11-RNAi causes disruptions to midgut cells that are exaggerated
by exposure to HSD or HFD either directly or through the gut microbiome. These midgut
modifications cause pernicious effects on the next generation in a sex specific manner.
The findings in the thesis have not been shown by others and reveal another paternal
condition that causes intergenerational effects. Follow up studies are recommended to
repeat the F1 analysis pipeline from this thesis with an FO Drosophila melanogaster line
that expresses Rab11-RNAi specifically in the midgut in order to investigate this possible

mechanism behind this sex-specific intergenerational effect.

Overall, sex-specific intergenerational effects are also well described in human,
mammalian studies and invertebrate studies (Dew-Budd et al., 2016, Emborski and
Mikheyev, 2019, Gong et al., 2021, Huypens et al., 2016, Ng et al., 2010, Pembrey et
al., 2006, Vagero et al., 2018). Currently, these sex-specific changes still remain to be
elucidated, although hormonal differences have been hypothesised as the cause, as for
example oestrogen has protective functions against cardiovascular and metabolic
diseases (Dearden et al., 2018). Therefore, this is another area that should be
investigated in future studies.

In general, relating to the findings here follow up studies are recommended to perform
LC-MS/MS on both male and female F1 offspring from fathers expressing Rab77- and
Hrs-RNAi under dve-Gal4 control, as some insights may be gained into the offspring
phenotypic changes from analysing the protein level that cannot be elucidated by RNA

analysis, e.g. post-translational modifications.
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4.3 Conclusion

In this thesis, the impact of EVs secreted by somatic cell sources of the male
reproductive tract on the phenotypic outcome of the next generation was analysed.
Attempting to establish a mammalian in vivo loss of function model demonstrated the
complexity and the lack of transferability between cell types and model organisms in the
field of EV research. However, mRNA sequencing analysis of Rab27DKO mice revealed
that the mRNA content of EVs within the epididymal fluid are potentially involved in
sperm maturation, particularly the motility process.

Therefore, an in vivo model with inhibited secretion of CD63-GFP from somatic cells of
the male reproductive tract was established in Drosophila melanogaster using the UAS-
Gal4 system to express RNAis targeting known components of the EV pathway. These
male FO were exposed to dietary interventions prior to mating. The generated offspring
of these flies revealed paternal genotype and paternal dietary dependent phenotypic
changes, gene expression changes and changes to the F1 lifespan. We are the first to
demonstrate sex-specific and age-dependent paternal intergenerational effects in an in

vivo depletion model of somatic cell-derived EVs.
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5. Abstract

Evidence from both human and animal studies demonstrate that paternal experiences
and exposures can cause phenotypic changes in the next generation. Extracellular
vesicles (EVs) released by somatic cells are hypothesised to play a role in these
paternal effects by acting as a messenger between somatic cells, including those of the
male reproductive tract, and germ cells. To date, evidence acquired mainly from in vitro
and a few in vivo studies confirm this EV-sperm interaction and information transfer. In
this thesis, we aimed to establish an in vivo model system, in the mouse and in the fly,
with inhibited secretion of EVs from somatic cells of the male reproductive tract, with the
intention to utilise this model to study the impact of EVs on phenotypic outcomes in the
next generation and their role as potential mediators of paternal intergenerational
effects.

Within the epididymis of the male mouse reproductive tract, the knock-out of three
different genes encoding proteins shown in in vitro studies to be involved in EV secretion
or biogenesis did not change the number or size of EVs isolated from the epididymal
fluid. This finding demonstrates the difficulty of transferability between model organisms
in the EV field. Notably, mMRNA sequencing analysis of the epididymal EVs from Rab27-
DKO mice suggests a potential involvement of the EV mRNA in the sperm maturation
process.

Using the UAS-Gal4 system, we established a Drosophila melanogaster model with an
inhibited secretion of CD63-GFP from secondary cells, by expressing RNAis against
known components of the EV pathway. Prior to mating, these FO flies were exposed to
dietary interventions. Phenotypic and transcriptomic analyses of the generated F1 flies
demonstrate paternal genotype and paternal diet dependent changes. These paternal
intergenerational effects are firstly sex-specific and age-dependent, and secondly
influenced by somatic cell-derived EVs. Furthermore, we are the first to observe that the
exposure of male flies expressing Rab171-RNAi under dve-Gal4 control to high sugar and
high fat diet cause pernicious sex-specific intergenerational effects. This finding is
suggested to be caused by the combined vulnerability of paternal midgut cells and the
exposure to energy dense foods, a so far unexplored paternal condition that causes

phenotypic changes to the next generation.
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